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1. S um m a ry
C r y s t a l l o g r a p h i c  an a l y s i s  of  the  b r o m o - p - l a c t o n e s  ob t a i n ed  by add i t i on  
of  b r o m in e  to aq ue o us  s o lu t i o n s  of  d i s o d i um  2 , 3 - d i m e t h y l m a l e i c  ac id and 
t he  d i s o d i um  sa l t  of  2 , 3 - d i m e t h y l f u m a r i c  ac id,  r evea l s  s t e r e o c h e m i s t r i e s  
o p p o s i t e  to t ho se  o r i g i n a l l y  a s s i g n e d . 1,11 The b ro m i n a t i o n  of  d i s o d i um
2 , 3 - d i m e t h y l m a l e a t e  l eads  to [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 -  
d i m e t h y l o x e t a n - 2 - o n e  (a).  The b r o m i n a t i o n  of  d i s o d i um  2,3-  
d i m e t h y l f u m a r a t e  leads  to [ 3 R ( 3 S ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 -  
d i m e t h y l o x e t a n - 2 - o n e  (b).
To a c c o u n t  fo r  th i s  ob se rv a t i o n ,  it has been s u g ge s t ed  t ha t  the  f i r s t -  
f o rm ed  i n te rm e d i a te  in each case is an a - l a c t o n e . 11,111 C a l c u l a t i o n s  wi th 
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  i nd i ca te  t ha t  the cyc l i c  s y m m e t r i c a l  b r o m o n i u m  
ad du c t s  of  2 , 3 - d i m e t h y l m a l e a t e  and 2 , 3 - d i m e t h y f u m a r a t e  d i a n i on  are not  
i n t e r m e d i a te s  but  t r a ns i t i o n  s t r u c tu re s  t h a t  s p o n t a n e o u s l y  re lax  to 
2 R f 3 S j - b r o m o - 2 R ( 2 S J - ( 2 R ( 2 S >) - m e t h y l - 3 S ( 3 R ) - o x o - o x i r a n y l ) - p r o p i o n a t e  
an ion  f rom the cyc l i c  b r o m o n iu m  ion of  2 , 3 - d i m e t h y l m a l e a t e  d i a n io n  and 
2 S ( 2 R J - b r o m o - 2 S ( 2 R ) - ( 2 S ( 2 R ) - m e t h y l - 3 S ( 3 R >) - o x o - o x i r a n y l ) - p r o p i o n a t e  
an ion  f rom the cyc l i c  b r o m o n iu m  fo r  2 , 3 - d i m e t h y l f u m a r a t e  d i a n ion ,  by 3- 
E x o - T e t  r ing c l osu re .  Ro ta t i on  ab ou t  the  cen t ra l  c a r b o n - c a r b o n  bonds  
f a c i l i t a t e s  f u r t h e r  4 - E x o - T e t  r ing c l o s u re  to y i e l d the  b r o m o - p - l a c t o n e
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products .  T w o  invers ion  s teps  are  invo lved .  C a lc u la t io n  of po ten t ia l  
sing le  s tep  b r o m o - p - la c to n e  4 - E n d o - T e t  ring c losure  of the carboxy l  
group oxy gen  on the cyc lic  b rom onium ,  as p ropo sed  by T a rb e l l  and  
B a rt le t t ,  in d ic a te  tha t  such pa th w a y s  invo lve  z w i t te r io n ic  t rans i t ion  
s ta te s  and a r e  h igher  in e n e rg y  co m p a re d  to reac t ion  paths  involv ing a  
la c to n e  fo rm a t io n  by 3 - E x o - T e t  ring c losure .
©
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C a lc u la t io n s  with b rom ine  m o le c u le s  and u n s a tu ra te d  d ian io n s  su g g e s t  a 
reac t ion  p a th w a y  w i thout  cyc lic  b rom onium  t rans i t ion  s ta tes  for  
brom in a t io n  of  2 , 3 - d i m e t h y l m a l e a t e  d isod ium  sal t .  T h e  brom ine  
m o le c u le s  in i t ia l ly  a s s o c ia te  with a carboxy l  group tha t  is m ore  e lec t ron  
rich c o m p a re d  to the cen tra l  d o u b le  bond.  R e m o v in g  the p e r ip h era l  
brom ine  a tom ,  a - la c t o n e s  are  once  aga in  o p t im ised .
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In both p ro p o sed  m e c h a n is m s  a - l a c t o n e s  a re  ini t ia l  i n te rm e d ia t e s  that  
are  su f f ic ien t ly  s ta b le  in a q u e o u s  so lu t ion  to u n d e rg o  c o n fo rm a t io n a l  
c h a n g e  to f a c i l i t a te  the  4 - E x o - T e t  r ing c losure  to b r o m o -p - la c to n e .
I. D.  S.  T a r b e l l  a n d  P.  D.  B a r t l e t t ,  J. A m e r .  C h e m .  So c . ,  1 9 3 7 ,  5 9 ,  4 0 7 .
I I .  J. J. R o b i n s o n ,  J.  G.  B u c h a n a n ,  M.  H.  C h a r l t o n ,  R. G.  K i n s m a n ,  M.  F.  M a h o n  and I. H.  
W i l l i a m s ,  J.  C h e m .  So c . ,  C h e m .  C o m m . ,  2 0 0 1 ,  5,  4 8 5 .
I I I .  J. G.  B u c h a n a n ,  M.  H.  C a r l t o n ,  M.  F.  M a h o n ,  J.  J. R o b i n s o n ,  G.  D.  R u g g i e r o  a nd  I. H.  
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2. Chem is try  In tro du ct io n
2 .1 .  H is to r ic a l  b ackground
A d v a n c e s  in the u n d e rs ta n d in g  of the m e c h a n is m  of c h e m ica l  reac t io n s  
have  bee n  a ided  by s tud ies  of reac t ion  k ine t ics  and s te r e o c h e m ic a l  
re la t io n s h ip s .  T h e  study of reac t ion  s t e r e o c h e m is t r y  has a l lo w e d  g e n e ra l  
m e c h a n is m s  to be p roposed  for reac t io n s  such as e le c t ro p h i l ic  add i t ion ,  
n u c le o p h i l ic  subst i tu t ion  and o th e r  c la s s e s  of  r e a c t io n s  tha t  acc o u n t  for  
o b s e r v e d  s t e r e o s e le c t iv i ty  of re a c t io n s .  At the beg inn ing  of the 2 0 th 
cen tu ry ,  the  topic  of nuc leo p h i l ic  subst i tu t ion  w as  at  the fo re f ro n t  of  
re s e a rc h  in che m is t ry .  M e th o d s  of a n a ly s is  w e re  m a in ly  l im i ted  to 
c lass ica l  p ro p e r t ies  such as mel t ing  point,  boil ing point ,  re f ra c t iv e  index,  
and opt ica l  ro ta t ion .
H h  Br £ h3 Br Ch3
X  txT °'+h3c ch3 /  \  h 'V |> c h 3 __________
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Fig. 1. S te r e o s p e c i f i c  add i t ion  of  b rom ine  to b u t - 2 - e n e .
D e scr ib in g  the s te r e o c h e m ic a l  f e a t u r e s  of a reac t ion  invo lves  
d is t ingu ish ing  b e tw e e n  two types:  s t e r e o s p e c i f i c  and s t e r e o s e le c t i v e  
re a c t io n s .  A s t e r e o s p e c i f ic  reac t ion  invo lves  s t e r e o is o m e r ic  re a c ta n ts
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yielding s tereo i somer ica l l y  d i f ferent  products under  the same react ion 
condi t ions.  A s tereose lec t i ve  react ion involves a s ingle reactant  having 
the potent ia l  to yield two or more s tereo i somer ic  products  but one is 
formed p re fe ren t ia l l y .1 An example of a s tereospec i f i c  react ion is the 
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-Br
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A steric course of syn addition would result in c/s addition products
Fig. 2. Mechanism of at tack on bromonium ions showing d i f ferent  
mechanism for addi t ion react ion.
The react ion mechanism in f igure 2, serves to i l l ust ra te f requent l y  used 
term descr ib ing addi t ion react ions,  such as ster ic course of ant i  and syn 
addi t ion and t rans  and c/'s addi t ion products.  A s ter ic  course of  syn 
addi t ion to yield cis addi t ion products of ten occurs wi th anchimer ic  
ass is tance,  neighbour ing group ass is tance,  and is shown to i l l us t rate the
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te rm s  used .  An e x a m p le  of a s te r e o s e le c t i v e  r e a c t io n  is the reduc t ion  of  








Fig. 3. S t e r e o s e le c t i v e  reduc t ion  with  U A IH 4 .3
N u c le o p h i l i c  subst i tu t ion  re ac t io n s  h a v e  p ro b a b ly  bee n  the most  
i n te n s e ly  s tud ied  of all r e a c t i o n s . 4,5,6 It has s in ce  been  e s t a b l is h e d  tha t  
n u c le o p h i l ic  subst i tu t ion  reac t io n s  can h ave  e s s e n t ia l l y  th re e  o u tco m es :
•  R a c e m is a t io n  resul ts  w hen  a sub st i tu t ion  reac t ion  g e n e r a te s  both  
p o ss ib le  e n a n t io m e r s  of a p roduct  f rom a s ing le  e n a n t io m e r  of  
re a c ta n t .
•  Invers ion  resul ts  w hen  the co n f ig u ra t io n  of the subst i tu t ion  s i te  in 
the  product  has a mirror  im a g e  re la t io n s h ip  with the re a c ta n t .
•  R e te n t io n  of con f igura t ion  a p p l ie s  to a reac t io n  w hen  the re la t iv e  
spa t ia l  a r r a n g e m e n t  at the rea c t io n  c e n t re  is the s a m e  in the  
re a c ta n t  and p r o d u c t .7
In p ra c t ic e  h o w e v e r ,  c o m p le te  r a c e m is a t io n  is ra re ly  o b s e rv e d .  
S u b s t i tu t io n  reac t io n s  tha t  a re  e x p e c t e d  to a f fo rd  ra c e m ic  m ix tu res  a re  
often  a c c o m p a n ie d  by som e d e g r e e  of  i n v e r s i o n . 8 T h e  s te r e o c h e m ic a l  
re la t io n s h ip  b e tw e e n  re a c ta n ts  and p rodu cts  for  a s tud ied  reac t ion  wil l  
often  p rov ide  the init ial  s tar t ing  po in ts  for m e c h a n is t ic  c o n s id e r a t io n s  of  
a re a c t io n .
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Racemisation and some inversion (2-17%) 
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% 80-100% Retention 
of configuration
Fig. 4.  R e a c t io n s  resu l t ing  in in vers ion ,  ra c e m is a t io n  and re ten t ion  of
c o n f ig u r a t io n .9
T h a t  som e  subst i tu t ion  reac t io n s  resu l t  in re ten t io n  of con f ig u ra t io n  and  
som e resu l t  in invers ion  of  c o n f ig u ra t io n  is d e p e n d e n t  upon m e c h a n is m .  
R e s e a r c h  to r a t io n a l is e  the m e c h a n is m  of subst i tu t ion  rea c t io n s  is still  a 
hea v i ly  r e s e a r c h e d  sub jec t  a r e a .  S u b s t i tu t io n  r e a c t io n s  w e r e  in i t ia l ly  
thought  to p roce ed  with re ten t ion  of  c o n f ig u ra t io n .  S u b s t i tu t ion  reac t io n s  
tha t  w e r e  a t te n d e d  with re ten t ion  of  c o n f ig u ra t io n  w e re  re fe r re d  to as  
norm al  and subst i tu t ion  reac t io n s  th a t  w e re  a t te n d e d  by invers ion  as  
a b n o r m a l . 10,11,12 Unti l  the  la te  1 9 th cen tu ry ,  this w a s  a c o m m o n ly  held  
bel ie f .  T h e  pr im it ive  c o n cep t  tha t  al l subst i tu t ion  re a c t io n s  p roceed  
h o m o fa c ia l ly  was  d isp e l le d  by W a l d e n .  Dur ing s tud ies  of op t ica l ly  ac t ive  
c o m p o u n d s  by P. W a ld e n ,  a reac t ion  w as  rep o r ted  in 1 8 9 6  w h e r e b y  
opt ica l ly  ac t ive  s tar t ing  m a te r ia ls  r e a c te d  to g ive  o p t ica l ly  ac t ive  
products  with o p p o s i te  c o n f i g u r a t io n . 10
10 J. J. Robinson, Ph.D. Thesis. 2005
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Fig. 5. R e a c t io n  s c h e m e  of the c lass ic  s t e r e o s p e c i f i c  W a ld e n  invers ion
c y c l e . 10-11-12
T h e  e n a n t io m e r s  ( - ) - c h lo ro s u c c in ic  and ( + ) -c h lo r o s u c c in ic  ac ids  h av e  
d i f fe r e n t  co n f ig u ra t io n s .  If the  reac t ion  with  m oist  s i lv e r  ox ide  p ro c e e d s  
with re ten t ion  c o n f ig u ra t io n ,  then the  r e a c t io n s  with  KOH/PCI5  must  
p ro c e e d  with invers ion  of c o n f ig u ra t io n .  H o w e v e r ,  should  the reac t io n  
with moist  s i lver  ox ide  p ro ce ed  with  invers ion  of  con f ig u ra t io n  then the  
reac t ion  with KOH/PCI5  must p ro c e e d  with  re te n t io n  of c o n f ig u ra t io n .  
Tw o invers ion  p r o c e s s e s  would  resu l t  in net  re te n t io n  of c o n f ig u ra t io n  
for  the subst i tu t ion  rea c t io n s  e x a m in e d  by W a l d e n .  At the t im e ,  W a ld e n
11 J. J. Robinson, Ph.D. Thesis. 2005
w as  u n a b le  to d e te r m in e  which cond it ions  w e r e  r e s p o n s ib le  for the  
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malic acid lactone 
intermediate
v c h 2c o 2hd-(+)-malic acid
Fig. 6. Hy dro ly s is  of b ro m o s u c c in ic  acid to y ie ld  two e n a n t io m e r s  of
mal ic  ac id . 13
H o lm b erg  s tud ied  the hydro lys is  of  b ro m o su cc in ic  ac id .  H o lm berg  
d is c o v e re d  tha t  th e re  w as  an in te r m e d ia t e  in the hyd ro lys is  tha t  w as  
m o n o b as ic .  H o lm berg  w as  una b le  to a c tu a l ly  iso la te  and c rys ta l l ise  the  
i n te rm e d ia te .  H o w e v e r ,  a q u e o u s  so lu t ion s  of the i n te r m e d ia t e  w e re  
a v a i l a b le ,  so s tud ied  w e r e  m ad e  of the  hydro lys is  of the in te rm e d ia te  at  
d i f fe re n t  pH and m al ic  ac ids  w e r e  is o la te d .  T h e  reac t io n  in te rm e d ia te  
was s u g g e s te d  to be m al ic  acid la c to n e ,  o b ta in e d  from ( - ) -b ro m o s u c c in ic  
acid and g a v e  p re d o m in a n t ly  ( + ) -m a l ic  acid in a lk a l in e  m ed ium  whi ls t  
acid hydro lys is  of the m al ic  acid la c to n e  resu l ted  in ( - ) - m a l i c  ac id to be 
in e x c e s s .  In one of the hydro lys is  s teps  of m al ic  ac id  la c to n e ,  invers ion  
must h av e  o c c u r r e d . 13 T h e  work of  H o lm b e rg  proved  tha t  p - la c to n e s  
w e re  i n te rm e d ia t e s  in the or ig ina l  W a ld e n  cyc le .
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O lson  and M i l le r  s tud ied  the hydro lys is  of p - b u ty r o la c to n e  and found  
resu l ts  s im i la r  to those  found by H o lm b erg .  T h e  hydro lys is  of p- 
b u ty r o la c to n e  is c a ta ly s e d  by ac id and bas e  and g a v e  an op t ica l ly  ac t ive  
2 - h y d r o x y b u t a n o ic  ac id .  T h e  carbony l  bond in the e s te r  is a t ta c k e d .  
H o w e v e r ,  hydro lys is  of p -b u ty ro la c to n e  at  neu tra l  pH g a v e  2-  
h y d ro x y b u ta n o ic  ac id tha t  had opp os i te  op t ica l  ac t iv i ty  to the 2 -  
h y d ro x y b u ta n o ic  acid fo rm ed  from acid or b as e  c a ta ly s e d  hyd ro lys is ,  the  
carb o n y l  bond is not a t t a c k e d . 14
H H


















Fig. 7. Hydro lys is  of p - la c to n e s  s tud ied  by O lson and c o -w o rk e rs . 14
T h e  resu l ts  su g g e s te d  a m e c h a n is m  in which w a te r  would  a t ta cks  the  
alkyl C -O  bond from a b a c k -s id e  a p p ro a c h  u n d er  n eu tra l  cond i t ions .
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T h e s e  resu l ts  w e r e  la te r  s up por te d  by the resu l ts  o b ta in e d  from  





Fig.  8.  Iso top ic  lab e l le d  w a te r  used to fo l low  hydro lys is  of p - la c to n e . 1 5
T h e  w ork  of  Kenyon  and Ph i l ips  c le a r ly  i l lus t ra ted  a cyc le  in which som e  
subst i tu t ion  re ac t io n s  invo lved  invers ion  and re ten t io n  of  co n f ig u ra t io n .  
An op t ica l ly  a c t ive  a lcoho l  with  only  one  chira l  c e n t re ,  with [ a ] 23o of  
+ 3 3 . 0 2 ° ,  w as  c o n ver te d  to an e n a n t io m e r  with [cc] 23d of - 3 2 . 1 8 ° . 16
” Ts " is tosyl group /  HaC— s— \






[a ]23D=+33.02° •23[a] D= +31.11 [a ]23D= -7.06"
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Fig.  9. C o n v e rs io n  from one e n a n t io m e r  to a n o th e r  in d is c re te  s teps . 16
T h e  f irst  s tep  con ver ts  the a lcoho l  to a tos y la te  d e r iv a t iv e .  T h e  reac t ion  
occurs  at the oxygen  ce n t re  and not th e  a s y m m e tr ic  carbon  a tom .  T h e r e  
is in this in s tan ce  no net ch a n g e  in co n f ig u ra t io n .  In the third s tep ,  the  
bas ic  hydro lys is  of  the a c e ta te  es te r ,  invo lves  c l e a v a g e  of a c y l -o x y g e n
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and not a lk y i -o x y g e n  bond.  T h e  carbony l  group of the  e s te r  is a t ta c k  by 
b as e .  T h e  third step  must  a lso  invo lve  no net  c h a n g e  in c o n f ig u ra t io n ;  
the s te r e o c h e m is t r y  is re ta in e d .  As the e n a n t i o m e r  is fo rm e d  in s tep  
th re e ,  the  second  step  in the reac t io n  must  invo lve  an invers ion  of  
co n f ig u ra t io n .  T h e  to s y la te  g roup  is an e x c e l l e n t  leav ing  group;  the  
a c e ta te  an ion  a t ta cks  the a s y m m e t r ic  carbon c e n t r e  resu l t ing  in 














Fig. 10. T h e  work of Kenyon  and P h i l l ips  shown as a W a ld e n  cyc le 1 6
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2.2. React ion mechanism for  subst i tut ion react ions:  S n 2  and Sm1
The work of Walden and Holmberg demonst ra tes  subst i tu t ion react ions 
can resul t  in invers ion of conf igurat ion.  However ,  the work of Kenyon 
and Phi l l ips demons t ra tes  that  subst i tut ion react ion can resul t  in 
retent ion of conf igurat ion.  Subst i tut ion react ions are of ten referred to as 
operat ing by Sa/1 or Sa/2 mechanisms.  The terms SN'\ and Sa/2 are 
des igna t i ons  of non-observab le mechanism and not of  observable 
exper imenta l  react ion k inet ics.  The two terms are useful  in descr ib ing 
subst i tu t ion react ions and were suggested by Ingold and co w o rk e r s .17
Consider  two subst i tu t ion react ions.  React ing 2 -bromo-2 -me thy lp ropane  
wi th sodium hydroxide produces a cor respond ing alcohol ;  2-hydroxy-2-  
methy lpropane.  With a solvent  system of 80% ethanol  and 20% water  by 
volume and at 55°C the react ion rate is propor t ional  to the amount  of  the 
bromoal kane reactant  and is independent  of  the hydroxy l  ion 
concen t ra t i on .19 That  is the rate of react ion = /ci [RBr] .  The react ion is 
un imolecu lar ;  the react ion involves an in termediate  carbocat ion and is
C-Br bond cleaves to yield 
Br and carbocation ©







Fig. 11. Energet ics of S/v1 react ion sc he me .18
16 J. J. Robinson, Ph.D. Thesis. 2005
des ignated as Sw1. The s tereochemis t ry  of  a Sa/1 process is complex.  
Carbocat i ons  prefer  a geomet ry  that  is t r igonal  coplanar .  An opt ical l y  
act ive reactant  adopt ing the t r igonal  coplanar  a r rangement  would have a 
plane of  symmet ry  as a carbocat ion so it is no longer  chi ral .  There is an 
equal  probabi l i ty  of nuc leophi l i c  at tack f rom both sides on the 
i n termediate  carbocat ion,  hence such react ions of ten resul t  in 
r a cem isa t i on .
Fig. 12. Planar  carbocat ion can be at tacked f rom ei ther  side dur ing S N^
subs t i t u t i on .20
A classic example of  a react ion proceeding by S N  ^ react ion is i l l ust rated 
by the react ion of 1-pheny lethy l ch lo r i de  wi th acetate  anions in acet ic 
acid, the isolated 1-pheny lethy l aceta te is part ly racemised and part ly 
inver ted.  Addi t ion of acetate anions to the react ion does not increase 
the rate of  r eac t i on .21




inversion of configuration retention of configuration
Fig. 13. Solvolys is  of  1-pheny le thy l ch lo r i de  in acet ic ac i d .21
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React ing methyl  bromide wi th sodium hydrox ide under  s imi lar  condi t ions 
as the subst i tu t ion react ion of 2 -bromo-2-methy lpropane,  80% ethanol  
and 20% water  at 55°C, the react ion rate for format ion of methanol  is 
propor t i ona l  to the amount  of  the methyl  bromide and the amount  of 
sod ium hydrox ide used. The rate of react ion = k2 [RBr ] [NaOH] .
H
8 -  [5+ 8 -
Br +  -OH■J;
H H
H
h^ ' J ^ qh
Fig. 14. Energet ics of Sa/2 react ion scheme. 18
The react ion depends upon the concent ra t ion of methyl  bromide and 
sodium hydrox ide;  the react ion is b imolecular .  The react ion does not 
involve an in termediate carbocat ion.  The react ion mechan ism is classed 





carbon has sp hydridisation 
as transition state has 
partial bonds for Y-C-X
Q
sp tetrahedral product 
- inversion results from 
back-side attack 
of Y on the C-X
Fig. 15. No charged i n termediates  in SN2 processes,  invers ion resul ts
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A n o th e r  im p o r tan t  e x p e r im e n t  that  e s ta b l is h e d  S^2  re ac t io n s  w e r e  
re s p o n s ib le  for invers ion  of con f igura t ion  w as  the  r a d io - la b e l l e d  iod ine  
( 128l) e x c h a n g e  reac t ion  with op t ica l ly  ac t ive  2 - i o d o o c t a n e . 22
128where I* denotes radioactive iodine, I
Acetone
2(R)-iodooctane 2(S)-iodooctane
Fig. 16. R a d io a c t iv e  iod ide  e x c h a n g e  with 2 - i o d o o c t a n e . 22
H u g h e s  and  c o -w o rk e rs  found that  the e x c h a n g e  reac t ion  to be  
b im o le c u la r  f rom m e a s u r e m e n t s  of k ine t ics ,  f i rs t  o rd e r  for  both the  
iod ide  an ion  and 2 - io d o o c t a n e .  T h e  ra te  of rea c t io n  = /c2[ lo d id e ] [ 2 -  
i o d o o c ta n e ] .  Th e  rate  of  r a c e m is a t io n ,  as 2 ( R ) - i o d o o c t a n e  w ould  r e a c t  to 
yie ld  2 ( S ) - i o d o o c t a n e  and 2 ( S ) - i o d o o c t a n e  would  y ie ld  2 ( R ) - i o d o o c t a n e  
upon iod ine  e x c h a n g e ,  was  found to be tw ice  the ra te  the of  
in co rp o ra t io n  of r a d io a c t iv e  iod ine .  Th u s ,  1 0 0 %  of  2 ( R ) - i o d o o c t a n e  had  
been  r a c e m is e d  when only  5 0 %  of has been  c o n v e r te d  to 2 ( S ) -  
io d o o c ta n e .  Th is  led to the hyp o th es is  that  eac h  a t ta c k in g  iod ide  ion w as  
re s p o n s ib le  for an act  of invers ion  of 2 - i o d o o c t a n e . 22,23
Alkyl  cha in  branch ing  wil l in c re a s e  the  s tab i l i ty  of a c a rb o c a t io n  
i n te r m e d ia t e s  through induct ive  e f fe c ts  and p ro m o te  S W1 type  
p r o c e s s e s . 24 S te r ic  bulk may m ean  th a t  som e s u b s t i tu e n ts  p r e v e n t  a t ta c k  
of a n u c le o p h i le  from a p a r t ic u la r  fa c e  of the c a r b o c a t io n .  H o w e v e r ,  
n u c le o p h i l ic  c o n c e n t ra t io n s  wil l a lso  in f lu e n c e  the  m e c h a n is m  of  
subst i tu t ion  reac t io n s .
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Rate of reaction Total rate of reaction = k1 [RBr] + k2 [RBr][HO-]
J i
SN2 rate = k2 [RBr][HO-]
SN1 reaction dominates 
at lower base 
concentration
SN2 reaction dominates 
at higher base concentration
SN1 rate = k1 [RBr]
high [NaOH]low [NaOH]
Cone. of hydroxide C 2 Hs  -/s o -C 3 H 7 -fert-C ^H g
Fig. 17. Mechan is t i c  change wi th increasing nuc leophi le  concent ra t ion 
and changes wi th increasing alkyl  group s ize.24
The blue curve for the total  react ion rate in f igure 17 is a qual i ta t i ve 
i l l us t ra t ion and does not represent  the sum of the S a/2  (red) and S a/1 
(dark blue)  react ion rates.  Increasing nuc leophi le  concent ra t i ons  wi l l  
i ncrease the rate of  react ion but not in l i near ly  dependent  manner.  High 
concent ra t i ons  of nuc leophi le  wi l l  actual l y  promote S a/2 type subst i tu t ion 
and wi l l  retard S a/1 type subst i tu t ion.  Increases in base concent ra t ion,  
hence increase in nuc leophi le  concent rat ion,  wi l l  also change the 
cha rac te r i s t i c  of the react ing medium.25
2.3. Sj/i mechan ism and ne ighbour ing group af fects
The table below shows resul ts of  nuc leophi l i c  subs t i tu t i ons  of  a set of 
o rganoha l ides  and the re la t ionships  wi th mechan ism and reactants.  The 
subst i tu t i on react ions that  occur  by S a/2 mechanism demonst ra te  
invers ion of  conf igurat ion.  The subst i tu t ion react ions that  occur  by S a/1 
mechani sm demonst ra te  racemisat ion and some invers ion.
The Walden cycle contains subst i tu t ion steps that  resul t  in retent ion of 
conf i gura t i on ,  shown by Holmberg to be the resul t  of  lactone ring 
format ion and lactone r ing opening.  The format ion of the lactone ar ises 
f rom anch imer i c  ass is tance or ne ighbour ing group ef fect .  Neighbour ing
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group ef fects give rise to S/vi,  subst i tut ion nuc leophi l i c  internal ,  
un imolecu lar  processes and these demonst ra te  f i rst  order  k inet ics,  l ike 
Sn1 processes and retent ion of conf igurat ion,  unl ike SN2 processes.
O r g a n o h a l i d e Reagent Me c ha n i s m Net  e f f ec t  upon c o n f i g u r a t i o n
n - C 6H 13C H ( C H 3)Br HO S n2 I nve r s i on  (96%)
n - C 6H 13C H ( C H 3)Br h 2o S a/1 I nve r s i on  (66%)  and r a c e m i s a t i o n
C6H5C H ( C H 3)CI h 2o S A/1 R a c e m i s a t i o n  and i nver s i o n  (2-  
17%)
C 6H5C H ( C H 3)CI C H 30 ‘ S n2 I nvers i on
C 6H5C H ( C H 3)CI c h 3o h S W1 R a c e m i s a t i o n  and some i nver s i on
C H 3C H ( C 0 2H)Br h 2o S n2 I nve r s i on
C H 3C H ( C 0 2C H 3)Br c h 3o S a/ 2 I nve r s i on
C H 3C H ( C 0 2' )Br HO S a/ 2 I nve r s i on  ( 8 0 - 1 0 0 %)
C H 3C H ( C 0 2 ) B r H 20 S A/i R e t en t i o n  ( 80 - 1 0 0 %)
C H 3C H ( C 0 2 ) B r c h 3o h S A/i Re t en t i o n  ( 9 0 - 1 0 0 %)
C H 3C H ( O H ) C H ( C H 3) B r H Br S A/i R e t en t i o n  ( 80 - 90%)
Fig. 18. Rela t ionsh ip  between mechanism and stereochemica l
ou t come .25
However ,  unl ike S/^1 processes,  S^i  processes do not involve charged 
i ntermediates,  the energet i cs  resemble SN2 processes.  To i l lust rate an 
ear ly example of a SN'\ react ion,  cons ider  the hydro lys is  of 2- 
bromoprop ionate  car r ied out in a di lute basic solut ion,  2-hydroxy-  
propionate is formed wi th retent ion of  con f i gu ra t ion .26




























Fig.  19.  Ingold  and co w o rk e r  e x a m in e d  so lvo lys is  of h a lo a c id s  and
h a l o e s t e r s . 26,27
C o w d re y ,  H u g h es  and Ingold  found tha t  subst i tu t ion  re a c t io n s  with  
opt ica l ly  a c t ive  a - b r o m o p r o p i o n a t e  m ethy l  es te rs  w e r e  as e x p e c te d .  T h e  
2 nd o rder  and 1st o rder  reac t io n s  with sod ium  m e th o x id e  giv ing invers ion  
of c o n f ig u ra t io n  in m e th a n o l .  In c o n c e n t r a te d  sod ium  m e th o x id e  so lut ion ,  
in m e th a n o l ,  the op t ica l ly  a c t ive  a - b r o m o p r o p i o n a t e  an ion  u n d e rg o e s  a 
2 nd o rd er  subst i tu t ion  reac t ion  to y ie ld  a - m e t h o x y p r o p io n a t e  with  
invers ion  of co n f igura t ion .


























Fig. 20 .  H ydro lys is  of c a r b o x y la te  an ion  s tud ied  by C o w d re y ,  H u g h e s ,
and In g o l d . 26,27
H o w e v e r ,  in d i lu te  a lka l i  m e th an o l  so lu t ion ,  the d e c o m p o s i t io n  of  
o pt ica l ly  a c t ive  a - b r o m o p r o p io n a t e  a n io n  is 1st o rd e r  and a -  
m e th o x y p ro p io n a te  an ion is fo rm ed  with  re ten t ion  of  c o n f ig u ra t io n .  T h e  
1 st o rder  hydro lys is  of a - b r o m o p r o p i o n a t e  with re ten t io n  of  con f ig u ra t io n  
w as  not e x p e c te d  and could not p r o c e e d  by a S n2 m e c h a n is m  that  would  
resul t  in invers ion  of  con f igura t ion .  T h e  reac t ion  had to p ro ce ed  by a S^i  
m e c h a n is m ,  with a n c h im e r ic  a s s is t a n c e  from the c a r b o x y la te  group  
af fo rd ing  re ten t io n  of con f igura t ion .




n c h 3
attack of hydroxyl group 
on lactone carbon
h c h 3
retention of 
configuration due to 
ancnim eric assistance 
of carboxyl group
Fig. 21 .  S c h e m e  p ropo sed  by Ingold . 26 , 2 8
Ingold and c o -w o r k e r s  e x p la in e d  the e f fe c t  of the  a - c a r b o x y l a t e  ion 
group  as be ing  due to the p r e s e n c e  of the n e g a t iv e ly  c h a rg e d  group in 
an alkyl c a t ion ,  thus s tab i l i z in g  the ion in a p y r a m id a l  c o n f ig u r a t io n .26,28 
A s im i la r  m e c h a n is m  had been  p ropo sed  by B e an  and c o - w o r k e r s . 29 T h e  
p r e s e n c e  of  an induct ive  g e m in a l -e x o c y c l i c - a lk y l  g roup  don at ing  
e le c t ro n s  to the g re a t ly  c h a rg e d  p o la r ised  a - c a r b o n  a tom  in the  
t rans i t ion  s ta te  a lso  p ro m o tes  ring c losure  as s u g g e s te d  by the T h o r p e -  
Ingold e f f e c t . 30
T h e  T h o r p e - ln g o ld  e f fe c t  a r is e s  as the  p r e s e n c e  of  g e m in a l  a lkyl  g roup  
subst i tu t ion  on the a - c a r b o n  of a n u c le o p h i l ic  cha in ,  wil l d e c r e a s e  the C-  
C - C  a n g le  s l ight ly  and prom ote  ring c losure  w hen  c o m p a re d  to g e m in a l  
h y d ro g e n s  in the s a m e  m oie ty ,  w h e r e  th e re  is no s te r ic  c lash from  
g em in a l  a lky l  h y d r o g e n ’s. During the  fo rm a t io n  of smal l  r ings,  a 
reduc t ion  of  the  C - C - C  bond a n g le  m ust  occur  to f a c i l i t a te  in t r a m o le c u la r  
n u c le o p h i l ic  a t ta c k .  C o n s id e r  the ra te  of ring c lo su re  of  a set  of  
c h lo ro h y d r in s .  E p o x id e  rings a re  fo rm e d  from c h lo ro h y d r in s  by the act ion  
of base .  T h e  ra te  of reac t ion  shows a trend with a lky l  subst i tu t ion .




C h lo ro h y d r in  r e a c ta n t  anion R e la t iv e  ra te  of reac t ion
O -C H 2 C H 2 - C I 1
0 - C H 2C H ( C H 3)-C I 5 .5
0 - C ( C H 3) H C H 2-CI 21
0 - C H 2C ( C H 3)2-CI 2 4 8
' 0 - C ( C H 3)2C H 2-CI 2 5 2
0 - C ( C H 3)2C H ( C H 3)-C I 1 3 6 0
0 - C ( C H 3) H C ( C H 3)2-CI 2 0 4 0
■ 0 - C ( C H 3)2C ( C H 3)2-CI 1 1 , 6 0 0
Fig. 22 .  R a te  of ring c losure  in c re a s e  with g e m in a l  e x o cyc l ic  m ethy l  
sub st i tu t ion ,  ca r r ied  out und er  bas ic  c o n d i t io n s .30
R e tu rn in g  to the hydro lys is  of 2 -b r o m o p r o p io n a t e  an ion ,  two p a th w a y s  
are  p o s s ib le .  T h e  carboxy l  group could a t ta c k  the  c a r b o n -b r o m in e  bond  
by b a c k s id e  a t ta c k  to g ive  an a - l a c t o n e  in te rm e d ia te .  A l t e r n a t iv e ly ,  the  
c a r b o n -b r o m in e  bond could c le a v e  to y ie ld  a b rom ine  an ion  and a 
z w i t te r io n ic  c a rb o c a t io n .
A n c h im e r ic  a s s is ta n c e  w as  also noted for reac t io n s  of  b r o m o b u t a n o ls . 31 
Th e  fo rm a t io n  of an in te rm e d ia te  in the reac t ion  of a - b r o m o p r o p i o n a t e  
anion  was  a lso  e x a m in e d  by G ru n w a ld  and W i n s t e i n . 32 A m a s s - la w  e f fe c t  
was found upon add i t ion  of  inert  sa l ts  to the re a c t io n ,  such as  
p e r c h lo r a te  and brom ide  an ion .  T h e  ra te  of reac t ion  w a s  found to 
in c re a s e  with  add i t ion  of p e rc h lo ra te  an ion  but the ra te  of  reac t ion  was  
re ta rd e d  by the add it ion  of b rom ide  an io n s .  Add it ion  of  e x c e s s  b rom ide  
anion would  in c re a s e  the l ike l ihood  of  the  in te r m e d ia t e  a - l a c t o n e  being  
a t ta c k e d  by b rom ide  an ion to re form the re a c ta n ts .  T h e  d is c o v e ry  of a
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m a s s - la w  e f fe c t  i tse l f  did not d is p ro v e  or ind eed  prove  the h y p o th e s is  of  
that  an in te r m e d ia t e  a - l a c t o n e  w as  p a r t ic ip a t in g  in the reac t io n .  S im i la r  
e f fe c ts  upon reac t ion  ra te  by add i t ion  of iner t  sa l ts  w e re  noted by 
C h a d w ic k  and P a c s u . 33
Fig. 23 .  G ru n w a ld  and W in s te in  a d d e d  iner t  sa l ts  to r e a c ta n t  m ix tu res  to
S tudy ing  the  ra te  of so lvo lys is  (h y d ro ly s is  and m e th a n o ly s is )  of a -  
b r o m o p r o p io n a te  can not  in d ic a te  w h e t h e r  the fo rm a t io n  of the t h r e e -  
m e m b e r e d  ring a - l a c t o n e  occurs  s y n c h ro n o u s ly ,  with b r e a k a g e  of the  C -  
Br bond,  or ind eed  w h e t h e r  the C -B r  bond is broken f irst ,  s ince  in e i th e r  
cas e  f irst  o rd e r  k ine t ics  should  be e x p e c t e d .  As G ru n w a ld  and W in s te in  
had shown a pos it ive  sal t  e f fe c t  for the  re a c t io n  tha t  in d ic a tes  that
Arf, formation of 
a-lactone,
followed by backside 
attack from water
dilute base,
Br anion eliminated 
and a-lactone J 
ring formed. /
conc. base, Sn2 type 
mechanism, k2
k2, direct displacement of 
bromo group by back-side 








Net inversion of 
configuration
Net retention of 
configuration
see  if the two m e c h a n is m s  w e r e  c o m p e t i n g . 32
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fo rm a t io n  of  the t rans i t ion  s ta te  requ ires  s e p a r a t io n  of un l ike  c h a rg e s ,  
as o p p o sed  to d ispersa l  of  c h a rg e s ,  this m ay m e a n  tha t  C -B r  bond  
f iss ion  is a s lo w e r  p rocess  c o m p a re d  to fo rm a t io n  of  the O -C  acyl a -  
l a c to n e  bond.  It w as  m any  y e a rs  a f te r  the work  of  G ru n w a ld  and  
W in s te in  tha t  a - la c t o n e s  w e r e  f ina l ly  iso la te d ,  so e a r ly  r e s e a r c h e r s ,  
such as  Ingo ld ,  p re fe r re d  the in te rm e d ia te  to be d e s c r ib e d  as a 
z w i t te r io n  in which e le c t r o s ta t ic  bond from the c a r b o x y la te  group holds  
the  c a rb o c a t io n  in the correc t  g e o m e t r ic  a r r a n g e m e n t  to f a c i l i t a te  b a c k ­
s ide  a t ta c k  from so lven ts .  Hydro lys is  of  a - l a c t o n e s  tha t  resu l ts  in 
re te n t io n  of c o n f ig u ra t io n  must  invo lve  c le a v a g e  of  the  a lk y l -o x y g e n  
bond and not the a c y l -o x y g e n  bond.  S o m e  p - la c to n e s  wil l c le a v e  in this  
m a n n e r  but most  e s te rs  do not c le a v e  in this m a n n e r . 34
Fig.  24 .  C a lc u la te d  p a th w a y  and s t ru c tu res  for e l im in a t io n  of  Cl '  f rom a -
S o m e  ea r ly  th e o re t ic a l  work,  using M N D O  c o m p u ta t io n a l  c a lc u la t io n s ,  on
T h e  e l im in a t io n  of a ch lor ide  an ion and ring c losure  to an a - l a c t o n e  w as  
c o n s id e re d .  T h e  th e o re t ic a l  c a lc u la t io n s  p e r fo rm e d  s u p p o r te d  the  
h yp o th es is  tha t  an a - l a c t o n e  has a role  in the e l im in a t io n  of c h lo r ide
shown in f ig u re  24 ,  the C I - C - 0  a n g le  is 166° .
2 .4 .  T h e  n a tu re  of a - l a c t o n e s  (s u b s t i tu te d  o x i r a n o n e )
L a c to n e s  a re  cyclic  s p e c ie s ,  in t r a m o le c u la r  es fe r$ .  O x i r a n o n e s  ( a -  




c h lo r o a c e ta te  a n i o n . 35
the  a - c h l o r o a c e t a t e  ion was  co n d u c ted  by D a v id s o n  and co w o r k e r s . 35
an io n s  from c h l o r o a c e ta te  io n s .35 In the  c a lc u la te d  t ra n s i t io n - s t a te
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e s te rs .  It had been  a s s u m e d  by W in s te in  and o th e r  r e s e a r c h e r s  tha t  a -  
l a c to n e s  cou ld  not be i s o l a t e d . 28 T h e  s im p le s t  p o ss ib le  a - l a c t o n e  is 
o x i r a n o n e  and  th e o re t ic a l  c a lc u la t io n s  have  been  p er fo rm e d  upon the  
o x i r a n o n e  m o i e t y . 36,37
o
Fig. 25 .  O x i r a n o n e ,  the s im p le s t  a - l a c t o n e . 37
O x i r a n o n e  has  been  c a lc u la te d  to h a v e  an in vacuo  e n th a lp y  of fo rm a t io n  
( A H 0f,298) of  - 4 5 . 4  kcal m o l ' 1 and a c o n v e n t io n a l  ring stra in  e n e rg y  of  
4 0 . 4  kcal mol"1 as c a lc u la te d  with  a leve l  of theory  co r re s p o n d in g  to 
Q C I S D ( T ) = f u l l / 6 - 3 1 1 G ( 2 d f , p ) / / M P 2 = f u l l / 6 - 3 1 1 G ( d , p ) . 37 O x i r a n o n e  has  
been  im p l ic a te d  as  an in te r m e d ia t e  in the  reac t io n  b e tw e e n  m e th y le n e  
c a r b e n e  and carbon  d iox ide ,  s ee  b e l o w . 36,38 T h e re  has  been  d e b a te  
a b o u t  the n a tu re  of  the bonding in a - l a c t o n e s ;  is th e re  a fo rm a l  bond  
b e tw e e n  the  O - 0 H 2 m oie ty  in o x i r a n o n e  or is this bond h ighly  po la r  or  
ind eed  c h a rg e  s e p a r a t e d  as  in a z w i t t e r i o n ? 28,37 T h e  Q C I S D ( T )  
c a lc u la te d  e n th a lp y  of fo rm a t io n  of  c y c lo p r o p a n o n e  is 1 .5  kcal m o l ' 1. Th e  
o x i ra n o n e  ring is p robab ly  s l ight ly  less  s t ra in ed  than  the c y c lo p ro p a n o n e  
ring. C a lc u la t e d  e lec t ron  den s i ty ,  using M P 2 / 6 - 3 1 + G ( d ) ,  in the g a s - p h a s e  
for  o x i r a n o n e  in d ica te  a c o v a le n t  l ike s t ru c tu re ,  with a po la r ised  bond  
b e tw e e n  C a and O n. H o w e v e r ,  impl ic i t  so lva t io n ,  S C I - P C M / M P 2 / 6 - 3 1 + ( d ) ,  
in d ic a te s  tha t  the C a and O n bond is so po la r ised  tha t  the bond is best  
d e s c r ib e d  as be ing an e le c t r o s ta t ic  in t e r a c t i o n . 37
















S C I - P C M  w a te rG a s  p h a s e
Fig.  26 .  M P 2 / 6 - 3 1 + G ( d )  c a lc u la t io n s ,  •  re fe rs  to bond cr i t ica l  point  and  
▲ re fe rs  to ring cr i t ica l  point,  with a s s o c ia te d  e lec t ro n  d e n s i t i e s . 37
M ass  sp e c t ra  e x p e r im e n ts  h ave  been  used to d e r iv e  an e s t im a te d  the  
h ea t  of fo rm a t io n  of o x i ra n o n e ,  s o m e t im e s  c a l le d  a c e to la c t o n e ,  as - 4 7 . 3  
+ / -  4 .7  kcal  m o l '1 from ch lor ide  an ion  e l im in a t io n  from c h lo r o a c e ta te  
a n i o n s . 39 E a r l ie r  c a lc u la t io n s  rep o r ted  by L ie b m a n  and G re e n b e r g
c a lc u la te d  the hea t  of fo rm a t ion  of o x i r a n o n e  to be -31 kcal mol -1 4 0
S tu d ie s  of iso la ted  a - l a c t o n e s  have  been  m a d e  and  s p e c t ro s c o p ic  data  
has been  used to ass ign s t ructura l  f e a t u r e s .  S tu d ie s  of  a - la c t o n e s  have  
shown them  to und ergo  d e c a r b o n y la t io n  even  at low t e m p e r a t u r e s  a n d /o r  
p o ly m e r is e  to p o ly e s te r s .37,41
o
o
| w .ito „  F3C/// A
O [ -co2 ] f3CA  °
Fig.  27 .  2 , 2 - d im e t h y l o x i r a n o n e  p r e p a re d  by pho to lys is . 4 2
P h oto lys is  of b is ( t r i f lu o r o m e th y l )m a lo n y l  p e ro x id e  at  7 7 K  led to 
im m e d ia te  loss of C = 0  i .r. bands  at 1 8 7 0 - 1 8 2 5  c m ' 1 and s im u l ta n e o u s
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a p p e a r a n c e  of a C = 0  i .r. band at  1 9 7 0  c m ' 1 and C 0 2 band at 2 3 5 0  c m ' 1. 
Also p h o to lys is  of a 0 . 3 2 M  solut ion  of  b is ( t r i f lu o r o m e th y l )  m alonyl  
p e r o x id e  in ca rb o n  t e t r a c h lo r id e  at - 1 5 ° C  resu l ts  in an 8 7 %  yie ld  a f te r  1 
hour of 2 , 2 - b is ( t r i f lu o r o m e t h y l ) - o x i r a n o n e .  At 2 4 ° C  the 2 , 2 -  
b i s ( t r i f l u o r o m e t h y l ) - o x i r a n o n e  is a gas  with a C = 0  i .r . band at 1 9 8 0  c m ' 1 
and m ass  s p e c t r o s c o p y  shows the p a re n t  ion [ m / e + 194  a .u . ]  pers is t ing  
with a d e c a y  ra te  tha t  co r re s p o n d s  to a h a l f - l i f e  of 8 h o u rs .42
Fig.  28 .  B a r t le t t  p r e p a ra t io n  of c f M e r f - b u t y la c e t o la c t o n e . 43
W h e la n d  and  B a r t le t t  s tud ied  the fo rm a t io n  of  p o ly e s te rs  from k e te n e s  
and c h a r a c t e r i z e d  an i n te rm e d ia te  a - l a c t o n e . 43 W h e la n d  and B a r t le t t  
r e a s o n e d  tha t  a h in d ered  a - l a c t o n e  wou ld  be less l ike ly  to ex is t  in an 
open d ip o la r / z w i t t e r io n  form.  O z o n o ly s is  of d i - f e /T -b u ty lk e te n e  in f re o n 11  
at  - 7 8 ° C  fo l lo w e d  by the add i t ion  of  a m m o n ia  resu l ted  in a white  
p re c ip i ta te ;  found to be d / ' - fe r f -b u ty l -g lyc in e .  T h e  1H N M R  s p e c t ru m  of  
the  d / ' - fe r f -bu ty l -g lyc ine ,  in c o n c e n t r a te d  hyd ro ch lo r ic  acid sh o w ed  a 
s ing le t  at 2 .0  ppm co r re s p o n d in g  to fe r f -b u ty l  groups  being e q u iv a le n t  in 
the  z w i t te r io n ic  product .  T h e  1H N M R  s p e c t ru m  of di-tert-  
b u t y la c e t o la c t o n e ,  at - 6 0 ° C ,  s ho w ed  a s in g le t  at 1 .2  ppm for  the di - ter t -
Freon 11
. 0
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butyl g roup s  which  w a s  ident ica l  to the s tar t ing  m a te r ia ls ,  d i - te r t -buty l  
k e t e n e  and cf / ' - fer f -buty lketone.  W a rm in g  the so lu t ion  of di-tert-  
b u ty la c e t o la c t o n e  to - 2 0 ° C  in the p r e s e n c e  of h e x a f l u o r o a c e t o n e  










Fig.  29 .  M o re  r e a c t io n s  with p rev io u s ly  p re p a re d  a - l a c t o n e .  i, M e O ' ;  ii, 
EtO ';  iii, E tS ' ;  iv, M e M g l ;  v, E tM g l ;  vi, M e L i . 44
R e a c t in g  a p e r f lu o r o k e t e n e  with sod ium  h yp och lo r i te  has e n a b le d  the  
i so la t ion  of  3 - ( 1 , 2 , 2 , 3 , 3 , 3 - h e x a f l u o r o - 1  - t r i f lu o r o m e t h y l -p r o p y l ) - 3 -  
( 2 , 2 , 3 , 3 , 3 - p e n t a f l u o r o - 1  - pen ta f lu o ro e th y l -1  -tr i f lu o r o m e th y lp r o p y l ) -o x i  r a n -
2 - o n e ,  as shown in f ig u re  2 9 . 44 M ost  of  the reac t ion  products  of  the  
p e r f lu o r in a te d  a - l a c t o n e  with n u c le o p h i le s  h ave  resu l ted  from  
r e a r r a n g e m e n t  and f r a g m e n ta t io n  a f te r  n u c leo ph i l ic  a t ta c k .  T h e  resu l ts  
did su g g e s t  tha t  r e la t i v e ly  smal l  n u c le o p h i le s  a t ta c k  the carbo ny l  
carbon .  S l igh t ly  l a r g e r  n u c le o p h i le s  a t ta c k  the acyl o x y g e n ,  in the a -  
l a c t o n e . 44
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0 0  1  II / /  O,0. A  A  .o* hv .  J k .  cA hv II
(HjCfetT O j|  (X  C(CH3}j ------------- ► 0  ||  H   c
H3C CH3 14 K, Argon matrix II Vl ~C0? 1
H3CT ^ C H 3 h 3C 3 H3C c h 3
Fig.  30 .  I r ra d ia t io n  of a b i s p e r o x y e s t e r  to y ie ld  a d i rad ica l  (s in g le t )  and  
an a - l a c t o n e ,  with  fu r th e r  d e c a y  to a k e t e n e . 42
R e e d  and c o -w o r k e r s  s tud ied  the low t e m p e r a t u r e  in f ra - re d  i r rad ia t ion  of  
a b i s p e r o x y e s t e r  and c h a ra c t e r is e d  d im e th y lv in ly d e n e  [ ( C H 3) 2C = C:]  
g e n e r a t e d  w ith in  an a rgon m atr ix  at 1 4 K . 45 A d d i t io n a l  products  w ere  
id e n t i f ie d ,  inc luding an a - l a c t o n e  and v ib ra t io n a l  s p e c t ra  w e r e  co m p a re d  
with c a lc u la te d  v ib ra t io n a l  f r e q u e n c ie s .  T h e  a - l a c t o n e ,  3 - is o p r o p y l id e n e -  
o x i r a n - 2 - o n e ,  has  e x p e r im e n t a l  in f ra - red  a b s o rp t io n s  at 1 9 2 4  c m ' 1, 1 6 9 5  
c m ' 1, 1 1 4 8  c m ' 1 and 1 0 5 0  c m ' 1. T h e s e  w e re  c o m p a re d  to c om pu ted  
B 3 L Y P /6 - 3 1  G (d )  v ib ra t io n a l  f r e q u e n c ie s  of  2 0 1 3  c m ' 1, 1 7 1 0  c m ' 1, 1 1 5 6  
c m ' 1 and 1051 c m ' 1. H o w e v e r ,  a c a lc u la te d  v ib ra t io n a l  f re q u e n c y  at 7 0 7  
c m ' 1 could not be reco n c i led  with e x p e r im e n t a l  d a t a . 38 C h a p m a n  and  
A d a m  rep o r ted  the  fo rm a t io n  of a - l a c t o n e ,  s ee  f ig u re  27 ,  at 7 7 K  with  
r ep o r ted  C = 0  abso rp t io n  d a ta  at 1 9 0 0  c m ' 1 and 1 9 3 5  c m ' 1. R e e d  and c o ­
w o rk e rs  p e r fo rm e d  c a lc u la t io n s  on 3 - i s o p r o p y l id e n e - o x i r a n - 2 - o n e  with  
B 3 L Y P /6 - 3 1  G (d )  and v ib ra t io n a l  f re q u e n c ie s  in d ic a te  the C = 0  s t re tc h es  
occ u r  at  1 9 3 2  c m ' 1 and 1 9 6 6  c m ' 1.
D u e  to the in te rn a l  ring s t ra in  a s s o c ia te d  with a - l a c t o n e s ,  they  often  
h av e  a role  as i n te rm e d ia t e s ,  r ing ope n in g  lead ing  to re l ie f  of ring s tra in .
o






Fig.  31 .  R e a c t io n  of carbon  d iox ide  to y ie ld  fo r m a ld e h y d e  (g ly o x a l )  and
carbon  m o n o x id e . 38
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O x i r a n o n e  i tse lf ,  the s im p le s t  a - l a c t o n e ,  has bee n  im p l ica ted  as an 
in te r m e d ia t e  in the reac t ion  b e tw e e n  m e th y le n e  c a r b e n e  and carbon
w o r k e r s  for  the  reac t ion  of  c a r b e n e  with carbon  d i o x i d e . 38 T h e  sec ond  
path ,  shown as  b in f igu re  32 ,  c o n s id e re d  c y c lo a d d i t io n  to a carbo ny l  tt- 
bond lead ing  to the fo rm a t io n  of o x i ra n o n e .
F r a g m e n ta t io n  and d issoc ia t ion  of the o x i r a n o n e  then  led to the  
fo rm a t io n  of carbon  m o n o x id e  and f o r m a ld e h y d e .  K o vac  and c o -w o r k e r s  
also used c o m p u ta t io n a l  c h e m is t ry  c a lc u la t io n s ,  H F / 6 - 3 1 + G ( d )  and G 2,  
to p rov ide  a q u a n t i t a t iv e  tes t  of id e a s  and found th a t  o x i ra n o n e  
i n te r m e d ia t e  p a th w a y  w as  e n e r g e t ic a l l y  p r e fe r a b le  to p a th w a y s  involv ing  
y l id e - l ik e  i n te rm e d ia t e s  or ace to x y l  d i r a d i c a l s . 38
d i o x i d e . 38 T h r e e  reac t ion  paths  w e re  co n s id e re d  by K o vac  and co-
o
Fig. 32 .  R e a c t io n s  p a th w a y s  c o n s id e re d  by K o v a c . 38
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^  -54.7 kcal/mol
Fig. 33. React ion of  s inglet  methy lene carbene [ 1:CH2] wi th C 0 2 and 
calcu la ted energet i cs  (G2) for path “ B ” studied by Kovac .38
The in te rmediacy  of a - lac tones  and i ntermediate carbene d i rad ica ls  has 
also been invest igated by Toscano and co-workers  at John Hopk in ’s 
Un ive rs i t y . 46 Dur ing the n i t rosat ion and a lky lat ion of  amino acid,  a-  
lac tones have been suggested as i n te rmed ia tes .47
2.5. (3-lactone and larger  r ing format ion.
As hydro lys is  of a -ha loac ids  involves a - lac tone par t i c ipat ion,  this could 
be extended to hydro lys is  of a p-haloac ids and par t i c ipat ion of p- 
l ac tones.  Work on the hydro lys is  of p-bromo and a ,p -d i b romo-p-  
a r y lp rop ionate  ions by Bordwel l  and Knipe also found re la t i onsh ips  wi th 
ne ighbour ing groups and involv ing r ing-c losure;  p- lac tones could be 
p repa red .48
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HoO
HO H 0 0
H H
Fig. 34 .  Bordw e l l  and Knipe  s c h e m e  for A r C H B r C H 2C 0 2' hydro lys is . 48
H a lo - l a c t o n is a t io n  ra re ly  invo lves  ch lo r in a t io n ,  h o w e v e r  e x a m p le s  a re  
re p o r te d .  G u th r ie  and co w o rk e rs  repor ted  the iso la t ion  of y -c h lo r o -p -  
l a c to n e s  by ch lo r ina t ion  of the sod ium  sa l ts  of ( Z ) - a c o n i t i c  acid and (E)-  



















h o 2c  Co 2hc o 2h
2S(R)-(carboxy-chloro-methyl)-4R(S)-oxo-oxetane-2-carboxylic acids
y-chloro-p-lactone
Fig. 35  4 -E x o -T e t  h a lo la c to n is a t io n  of ( Z ) - a c o n i t i c  ac id  with  ch lo r in e . 49
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C o m p le t e ly  s te r e o s p e c i f i c  cyc l isa t ion  to y ie ld  p - la c to n e s  by 
b r o m o la c to n is a t io n  of  a - s u b s t i t u t e d - p , y - u n s a t u r a t e d  ac ids  und er  bas ic  
cond i t ions ,  using N a H C 0 3, has been  r e p o r t e d . 50 T h e  s te r e o c h e m is t r y  of  
an iso la ted  p - la c to n e s ,  4 S - b r o m o e t h y l - 3 R - m e t h y l - o x e t a n - 2 - o n e ,  w as  
con f i rm e d  by reduc t ion  with  t r i -n -b u ty l t in  h yd r ide  in the p re s e n c e  of  
AIB N  which a l lo w e d  the iso la t ion  of a d e - b r o m in a t e d  p - la c to n e ,  3 R , 4 R -  
d im e t h y l - o x e t a n - 2 - o n e ,  in 8 9 %  y ie ld .  E x a m in in g  the  1H N M R  s p e c tra  
ind ica ted  that  coupl ing  co n s ta n t  b e tw e e n  ring m e th in e  h y d r o g e n ’s w as  
3 . 9 H z .  No cis isom ers  w e r e  d e t e c t e d . 50
T e r a s h im a  and Jew  rep o r ted  the s t e r e o s e le c t i v e  p r e p a ra t io n  of  a -  
h y d ro x y -a c id s  in which the s t e r e o c h e m is t r y  w as  e s ta b l is h e d  by b r o m o ­
la c t o n is a t io n .51
Br
/ - ° h H°e 
o ' O
R = CH3i Yield = 58%
R = C4H9> Yield = 72%
R = CH2C6H5, Yield = 82%








Fig. 3 7 . S t e r e o s p e c i f i c  syn th e s is  of a - h y d r o x y a c i d . 51
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B a c k s id e  a t ta c k  (Swi) on a brom onium  ion has been  u t i l ised in s y n th e t ic  
work.  T e r a s h im a  and Jew  p ropo sed  that ca rb o xy l  group  a t ta c k  on a 
b rom on ium  w as  re s p o n s ib le  for  exc lus ive  fo rm a t io n  of one of the two  
d i a s t e r e o m e r s  in the a s y m m e tr ic  syn thes is  of  o p t ic a l ly  a c t ive  a - h y d r o x y  
a c i d s . 51 T h e  in te re s t in g  ques t ion  was posed tha t  i n t r a m o le c u la r  a t ta c k  of  
the  c a r b o x y la te  an ion to the  inc ip ien t ly  fo rm e d  b rom o n iu m  ion would  
e i th e r  occ u r  f rom the a - s i d e  of the s -c /s -c o n f o r m e r  ( I )  or f rom the  p -s id e  
in the s - f ra /?s -con fo rm er  ( I I ) ,  as shown in f ig u re  38 .  E x a m in a t io n  of  the  
res u l ta n t  s t e r e o c h e m is t r y  of the resu l tan t  b r o m o - p - la c to n e  h o w e v e r  does  
not su f f ice  to o f fe r  an a n s w e r .  It is a good e x a m p le  of b a c k -s id e  a t ta c k  
of a c a r b o x y la te  an ion upon a b rom onium  ion s p e c ie s  lead ing  to 
fo rm a t io n  of a lac tone .
Fig. 38 .  A t ta c k  on a b rom onium  as p roposed  by T e r a s h im a  and J e w . 51
B ro m in a t io n  and ring fo rm a t io n  has been  ut i l ised in sy n th e t ic  work .  T h e  
p r e p a ra t io n  of methy l  f r a n s - 4 - ( f e r f - b u t o x y c a r b o n y la m i n o ) - 3 - o x o - 1  - 
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in a drug des ign  p ro g ram .  T h e  3 - C y c lo h e x e n e - 1 - c a r b o x y l i c  ac id  was  
b r o m in a te d  with  b rom ine  in ch loro form .  The  b ro m in a t io n  gav e  a 
d ia s t e r e o is o m e r ic  m ix ture  of a m inor  product ,  1 0 %  of 3 S , 4 R - d i b r o m o -  
c y c lo h e x a n e -1  S - c a r b o x y l ic  ac id and a m a jo r  p roduct ,  9 0 %  3 R , 4 R -  
d ib r o m o - c y c lo h e x a n e - 1  S - c a r b o x y l ic  acid.  A d d i t ion  of a q u e o u s  sod ium  
h yd ro x id e  then  ca u s e d  b a s e  induced  ring c lo su re  to y ie ld  a p - la c to n e  
4 R - b r o m o - 6 - o x a - b i c y c l o [ 3 . 2 . 1 ] o c t a n - 7 -o n e ,  s t ru c tu re  3 in f igu re  39.  O nly  
the m a jo r  product ,  shown as 2 in f igu re  39 will  ring c lose  to a p - la c to n e .  
It w as  noted  th a t  the m inor  p roduct  from b ro m in a t io n ,  3 R , 4 R - d i b r o m o -  
1 S - c y c lo h e x a n e c a r b o x y l i c  acid did not und ergo  b a s e  induced  ring 
c losure .  T h e  p - la c to n e  w as  then ring o p e n e d  with sod ium  hydrogen  
c a r b o n a t e  in m e th a n o l  to y ie ld  a b rom ohydr in  4 R - b r o m o - 3 S - h y d r o x y -  
c y c lo h e x a n e -1  S - c a r b o x y l ic  ac id ,  s t ruc ture  4 in f ig u re  39 .  T h e  yie ld  of the  











Fig. 39 .  B ro m in a t io n ,  r in g -c lo s u re  and r in g -o p e n in g  im p le m e n te d  in
s y n t h e s is . 52
H a lo la c to n is a t io n  has bee n  used to form la rg e r  r ings and a l lo w  study  of  
the m e c h a n is m  of r ing c losure .  T h e  ra tes  of ring c lo su re  of  u>-bromo-  
a lk y lc a r b o x y la te s  to la c to n e s  has been  s t u d i e d . 53





Ring Size 3 4 5 6 7 8
Relat ive Rates of  r ing c losure 8.3 x 10 '4 0.31 90 1 0.0052 6 x 1  O'5
Fig. 40. Rate of  format ion of lactone. 53
Figure 40 shows the relat ive rates of  format ion for the format ion of 
lactones f rom co-bromoa lkanecarboxy lates .53 The entha lpy of the 
format ion of  the TS, A H * , for three and four  membered r ings is normal l y  
greater  than that  seven membered r ings.  The AH* terms also ref lect  the 
r ing st rain assoc iated wi th smal l er  r ings.  However,  AS* is less negat ive 
for format ion of th ree-membered r ings re lat ive to AS* four,  f ive and six 












Fig. 41. Rates of r ing c l osure for b romocarboxy la tes .53
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The l a rge  ne g a t i v e  en t rop y ,  AS* , i s  a s s o c i a te d  wi th  the  i m p r o b a b i l i t y  of  
the ac h ie v i n g  the  requ i red  m o le c u l a r  c o n f o r m a t i o n  fo r  r ing c l o su re  as 
cha in  l eng th  i nc r e as e s .  Hence  f o r m a t i o n  of  f i ve  and six m e m b e re d  r i ngs  
is f a v o u r a b l e .  S t e r e o e l e c t r o n i c  c o n s i d e r a t i o n s  of  the  r ing c l osu re  mus t  
a l so be t aken  in to a c c o u n t . 54 D i f f e r e n t  i n t r a m o l e c u l a r  n u c l e o p h i l i c  
a t t a c ks  have d i f f e r e n t  modes  of  a t t ack .  In f i gu re  42,  one r ing sp e c i es  is 
shown,  wi th the  two po te n t i a l  r ou tes  for  i n t r a m o l e c u l a r  a t t ack .  Ba ldw in  
and c o - w o r k e r s  have d e v e l o p e d  s y s t e m a t i c  ru les  re l a t i ng  to r ing 
f o r m a t i o n ,  w he re  the h e te ro a to m  X is a f i r s t  row e l e m e n t  as shown in 
f i gu re  4 2 . 54 T h re e  c o n s i d e r a t i o n s  are mad e : -
> The  r ing s ize.
> The h y b r i d i s a t i o n  of  the  ca rb on  at  the  rea c t i ve  cen t re .
> The  re l a t i o n s h i p  be tw een ;  E n d o - c y c l i c  or  Ex o - c y c l i c ,  a t t ack  of  the  
re ac t i ng  bond to the f o r m a t i o n  of  the r ing.
The f o l l o w i n g  t ab le  s u m m a r i s e s  t h e s e  re l a t i o n s h i p s .
EXOCYCLIC BONDS ENDOCYCLIC BONDS
Ring Size . S_P <d.!9) sp2 (trig) sp3(tet) sp (dig) sp2 (trig) sp3 (tet)
3 unfav fav fav fav unfav rare
4 unfav fav fav fav unfav rare
5 fav fav fav fav unfav rare




Fig.  42. D i f f e r e n t  modes  of  a t t ac k  for  r ing o p e n i n g / c l o s u r e  fo r  an
e p o x i d e . 54
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The enzyme fumarase is respons ib le for  the hydro lys is  of fumar ic  acid to 
S- ( - ) -ma l ic  acid.  The addi t ion takes a ster ic course of  syn addi t ion 
resul t ing in c/'s addi t ion p roduc t .55,56 This is a good example of 
spec i f i c i t y  of enzyme catalys is,  as hydrat ion of  fumar ic  acid wi l l  only 
yield S- ( - ) -ma l ic  acid and maleic acid hydrat ion is not cata lysed.  This 
emphas i ses  the fact  that  many biochemical  react ions do not necessar i ly  
fo l low expected s tereochemica l  pathways as enzymes may use internal  
s t ruc ture to at tack subst ra tes  in a manner  that  is qui te d is t inc t  f rom 









Fig. 43. Close-up view of fumarase act ive si te wi th S- ( - ) -mal ic  acid
p roduc t . 55
The deha logenase enzymes also exhib i t  s tereospec i f i c i ty  that  is qui te 
d is t inct  f rom class ical  behav iour .57 The enzymes use internal  s t ruc ture 
such as ser ine and aspar t i c  acid amino acid residues to hold the 
carboxy la te  group,  then Argin ine amino acid residue removes the a- 
chloro atom and an ester  in termediate  resul ts.
Hydro lys is  of the ester  i n termediate  resul ts in invers ion of conf igurat ion ,  
ne ighbour ing group ass is tance f rom the carboxyl  group is not observed.  
A proposed react ion mechanism for the complet ion of  the Walden 
invers ion is i l l us t rated in the f igure 44. There are two possib le routes 
f rom the t rans i t ion state to the ester  in termediate,  however  hydro lys is  
resul ts  in invers ion of  con f igu ra t i on .57,58





F i g . 44 .  d e h a lo g e n a s e  e n z y m e s  e l im in a te  h a l id e s  from a - h a l o a c i d s  with
invers ion  of c o n f ig u r a t io n .57
Brom ina t io n  of u n s a tu ra te d  sp e c ie s  will a lso  y ie ld  la c to n e s ,  through  ring 
c losure  of ca rb o xy l  groups  a t ta ck in g  b ro m o n iu m  ions by b a c k -s id e  
a t ta ck .  Homsi  and R o u s s e a u  p re p a re d  2 - o x e t a n o n e s ,  2 - a z e t id in e s  and  
o x e ta n e s  from the reac t ion  of b i s ( c o l l id in e )b ro m in e  h e x a f lu o r o p h o s p h a te  
with a , p - u n s a t u r a t e d  ac ids ,  a , p - u n s a t u r a t e d  N - s u l f o n a m id e s  and a l ly l ic  
a lcoho ls ,  in d i c h l o r o m e t h a n e . 59
Homsi  and R o u s s e a u  repor ted  ring c lo s u re s  occ ur re d  by unusua l  4 -  
Endo-Tr ig  p ro c e s s e s .  M a n y  e le c t ro p h i l ic  r ing c lo su res  occur  by E x o -  
mod e as noted  by Ba ldw in ,  th e s e  a re  f a v o u r e d  o v e r  Endo  p r o c e s s e s  
n o r m a l ly .54,59 In f igu re  45 ,  Homsi  and R o u s s e a u  h a v e  a s s u m e d  that  the  
fo rm a t ion  of  p - la c to n e s  is a s ing le  s tep  p r o c e s s . 59 In f igu re  4 5  the term  
Trig imp l ies  tha t  th e re  is no formal  bond b e tw e e n  the b ro m in e  and the  
u n s a tu ra te d  com po und  in the b rom on ium  ion. T h e r e  is thus an a m b ig u i ty  
in re la t ion  to the  use of the te rm s  Tet  or Trig in the  ring c losure  
p ro c e s s e s  co n cern in g  brom onium  s p e c ie s .






Fig. 45 .  Po ss ib le  fa te s  for  b rom on ium  s p e c i e s . 59
T h e  term Tet  has been  used in this th es is  to d e s c r ib e  ring c losure  on 
ha lon ium  ions,  s ince  m ode l l ing  has bee n  p e r fo rm e d  ass u m in g  that  th e re  
are  bonds b e tw e e n  the brom ine  and the  a l k e n e s  in the  b rom onium  
s p e c i e s . 54,59,60
2 .6 .  A d d i t ion  of  h a lo g e n s  to su b s t i tu te d  a lk e n e s .
R o b e r ts  and  K im bal l  d iscu s sed  the fac t  tha t  work  by T a r b e l l  and B a r t le t t  
sho w ed  tha t  the f irst s tep in the r e a c t io n  of  a ha lo g e n  with an a lk e n e  
l eads  in i t ia l ly  to a n e g a t iv e ly  c h a rg e d  h a l id e  ion and a pos i t ive ly  
c h a rg e d  o rg a n ic  io n .61
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Fig. 46. St ructure proposed by R. Robinson for ha logen-a lkene ca t i on .61
Robinson proposed a st ructure as shown above in f igure 46. However ,  
the ion as shown is qui te capable of rotat ion about  the central  carbon-  
carbon bond.  Such potent ia l  rotat ion would not account  for  the fact  that  
homogenous,  non-photochemica l ,  ha logenat ions give rise to ei ther  cis or 
t rans  addi t ion products,  usual ly account ing for at least  80% of the stereo 
se lec t i v i t y  of the react ion.  Roberts and Kimbal l  suggested that  as the C + 
atom has a vacant  orbi tal  and the hal ide atom, X, has three orbi ta ls 
occupied by pai rs of elect rons,  a co-ord inate l ink should form from 
donat ion of  e lec t rons f rom the hal ide atom to the C+ cat ion atom.
Rober ts and Kimbal l  suggested the fo l lowing st ructure,  a cycl ic 
i n termediate  cat ion,  as the st ructure for ha logen-a lkene in termediate ,  a 
cycl ic halonium ion.
Fig. 47 .Cycl ic  halonium ion suggested by Rober ts and K imba l l .61
The f i rst  i on isat ion potent ia ls  for carbon and bromine are simi lar ;  259.6 
kcal  m o l ' 1 for  carbon and 272.5 kcal  m o l ' 1 for b romine .61 Roberts and 
Kimbal l  suggested that  the smal l  d i f fe rence in the ion isat ion potent ia ls  
means that  the in i t ial ly  formed complex is in termediate  between the 
s t ruc tures shown in f igure 46 and f igure 47. In terest ing ly  though Rober ts 
and Kimbal l  did suggest  that  charged groups for R1 and R3 (and/or  R3
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and R 4 )  m ay  p rov ide  su f f ic ien t  repu ls ion  to o v e r c o m e  the cyc lic  
ha lon ium  bonds  and a l low  ro ta t ion  to the o p p o s i te  trans  isom er .  
C o m p u ta t io n a l  s tud ies  co n d u c ted  on h a lon ium  ions h a v e  sup por te d  the  
su g g e s t io n  of R o b e r ts  and K im b a l l . 63
E m pir ic a l  d a ta  has a lso  s up por te d  the su g g e s t io n  of  R o b e r ts  and  
Kim ba l l ,  inc lud ing  the iso la t ion  of a s tab le  b ro m o n iu m  ion with  
c o r re s p o n d in g  c ry s ta l lo g ra p h ic  d a t a . 64 H e a ts  of  fo rm a t io n  of  b rom on ium  
ions have  bee n  d e te r m in e d  e x p e r im e n t a l ly  at - 6 0  °C  in f lu o ro su l fo n ic  
( FSO3H)  acid  con ta in ing  1 1 . 5 %  m oles  S b F 5. T h e  r e la t iv e  s ta b i l i t ie s  w e re  
m e a s u r e d  by c a lo r im e try  and c o m p a re d  to N . M . R  d a t a . 65
As the fo rm a t io n  of ha lon ium  ions in vo lves  the d o n a t io n  of  e le c t ro n s  
f rom the a l k e n e  to the a p p ro a c h in g  h a lo g e n  m oie ty ,  the  ion isa t ion  
p oten t ia l  of  the a lk e n e  should  be re la te d  to the e a s e  of  fo rm a t io n  of  the  
h a lon ium  in te r m e d ia t e .  For  s im ple  a lk e n e s ,  the r a t e -d e te r m in in g  s tep  in 
the  add i t ion  reac t ion  is the fo rm a t ion  of  h a lon ium  ions.  R e la t io n s h ip s  
b e tw e e n  ion isa t ion  poten t ia l  of a l k e n e s  and the ra te  of  reac t ion  of






Fig.  4 8 .  B rom on ium  ion h e a ts  of fo rm a t io n  at - 6 0 ° C . 65
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h a lo g e n a t io n  h a v e  been  e x a m i n e d . 66 H a lo n iu m  ion fo rm a t io n s  with  
a r o m a t ic  r ings a d ja c e n t  to the a lk e n e  d o u b le  bonds are  less s tab le  than  
the a lky l  c o u n te rp a r ts .  A ro m a t ic  r ings,  such as a phenyl  r ing, can  
s tab i l ise  the fo rm a t io n  of c a rb o c a t io n s ,  b r idged  s p e c ie s  are  not so 
s tab le  as  a lky l  c o u n te rp a r ts .  T h e  c a r b o c a t io n  is s u s c e p t ib le  to 
n u c leo p h i l ic  a t ta c k  from a so lven t  m o le c u le .  Th is  is one of  the re as o n s  
why b ro m in a t io n  of s t i lb e n e  resu l ts  in fo rm a t io n  of 1 - m e th o x y - b r o m o -  
s t i lb e n e  w hen  con duc ted  in m e t h a n o l . 67
C h lo r in a t io n  of  a lk e n e s  ten d s  to resu l t  in a s im i la r  s te r e o c h e m ic a l  
o u tc o m e  as b ro m in a t io n ,  h o w e v e r  ch lo ro n iu m  ions a re  less s tab le  
c o m p a re d  to b rom on ium  ions.  R e a r r a n g e m e n t  dur ing the cou rs e  of a 
reac t ion  m ay resu l t  in o vera l l  cis a d d i t ion  p roducts ,  though the init ial  
add i t ion  w as  anti  to the r e a c ta n t  d o u b le  b o n d .68 A c lass ica l  test  for  
u n s a tu ra t io n  is to d isso lve  brom ine  in ca rb o n  t e t r a c h lo r id e  and to 
o b s e rv e  d e c o lo u r is a t io n  upon add ing  an a lk e n e .  C h lo r in e  will  read i ly  
d isso lve  in w a te r  forming h yp o ch lo r i te  ions,  an ox id is ing  a g e n t  that  
d e to n a te s  with m e th a n o l ,  and ch lo r ide  ions.  H e a v i e r  h a lo g e n s  wil l  not so 
read i ly  d isso lve  in w a te r ,  b rom ine  has poor  a q u e o u s  so lub i l i ty  c o m p a re d  
to c h lo r ine ,  but wil l d isso lve  in o rg a n ic  so lv e n ts  read i ly .  Iod ine ,  12, wil l  
only d isso lve  read i ly  in w a te r  in the p r e s e n c e  of  iod ide  sal ts  l ike Kl. 
Addit ion  of b ro m in e  to a lk e n e s  u su a l ly  resu l ts  in trans  add i t ion  products  
resu l t ing  from a s ter ic  course  of  a n f / - a d d i t io n .  C la s s ic  e x a m p le s  of  such  
add i t ion  r e a c t io n s  inc lude the b r o m in a t io n  of  c is -b u te n e ,  f r a n s - 2 - b u t e n e ,  
a n u m b e r  of c y c lo a lk e n e s  and m a le ic  and  fu m a r ic  a c i d . 69











bromonium ion is formed 
from electrophilic attack 
of bromine upon alkene
Bromine anion then 
attacks C-Br bond from 
back-side
to give anft-addition of 
second Br atom resulting 
in trans
addition products.
Fig. 49 .  Add it ion  of  b rom ine  to c / 's -bu t -2 -ene . 69
B rom ina t io n  of  c / s - b u t - 2 - e n e  y ie lds  a r a c e m ic  m ix tu re  of 2 - R ( S ) - b r o m o -
3 - S ( R ) - b u t a n e .  M ost  a dd i t ion s  of m o le c u la r  b rom ine  do yie ld trans  
add i t ion  p ro d u c ts  from a s ter ic  course  of anti  add i t io n .  H a lo g e n a t io n  to 
yie ld cis ad d i t io n  has also been  rece n t ly  re p o r te d ,  a lb e i t  with l it t le  
su c cess  and with  bulky h y d ro carb o n s  only  to f a c i l i t a te  f a v o u r a b le  s te r ic  
reac t ion  c o u r s e . 70 H a lo g e n a t io n  to y ie ld  cis add i t ion  products  would  
have  to occur  by a s te r ic  cou rs e  of  syn a d d i t ion ,  y ie ld ing  cis add i t ion  
products  as  shown in f igure  2.
A lk e n e R e la t i v e  R a te
E th y le n e 1
1,1 -d im ethyl  e th y le n e 5 .5
T e t ra  methy l  e t h y le n e 14
S ty r e n e 3 .2
A cro le in 1.5
Acry l ic  Acid < 0 .0 3
C ro to n ic  Acid 0 .2 6
Viny l  brom ide < 0 .0 3
Table. 50. Relative rate of bromination of some alkenes.72
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T h e  d e c o lo u r is a t io n  of b rom ine  in ch loroform  wil l  tes t  for u n s a tu ra t io n ,  
lo d o la c to n is a t io n  has been  used to locate  the pos it ion  of dou b le  bonds  
in a , p - u n s a t u r a t e d  m o i e t i e s . 70,71S u b s t i tu e n ts  a t ta c h e d  to d o u b le  bonds  
will  a f fe c t  the  ra te  of b ro m in a t io n ,  as i l lus t ra ted  by the  tab le  a b o v e ,  cf. 
ta b le  5 0 .  T h e  m e c h a n is m  of  b rom ina t ion  of a l k e n e s  a p p e a r s  to a 
c o m p le x  p ro c e s s ,  k ine t ic  iso tope  m e a s u r e m e n t s  in d ic a te  tha t  som e  
p ro c e s s e s  a re  in co m p e t i t io n  and po lym er ic  b ro m in e  s p e c ie s  are  
in vo lved .  B ro m in a t io n  of a lk e n e s  is a c c e le r a te d  by e l e c t r o n - r e le a s in g  
s u b s t i tu e n ts  and re ta rd e d  by e le c t r o n -w i th d r a w in g  su b s t i tu e n ts ,  see  
t a b le  5 0 . 73
Fig. 51 .  T S  co r re s p o n d in g  to M & 2  m e c h a n i s m . 73
C o n s id e r  the  reac t ion  b e tw e e n  a s im p le  a lk e n e  and  b ro m in e .  T h e  ra te  of  
b r o m in a t io n  is f irst  o rd er  for a lk e n e ,  h o w e v e r ,  f irst  or second  o rd e r  for  
m o le c u la r  b ro m in e .  At low c o n c e n t ra t io n  of m o le c u la r  b rom ine  and in 
w a te r  or a lc o h o l ic  so lven ts ,  the rate  of  reac t ion  is sec o n d  o rd e r  o v e ra l l ,  
f irst  o rd e r  for  both a lk e n e  and b rom ine .  U n d e r  th e s e  c on d i t io ns ,  the  
r eac t io n  p r o c e e d s  via Ads2 m e c h a n is m ,  the reac t io n  ra te  is e x p re s s e d
R a te =  k\ [ a l k e n e ] [ B r 2]
In less p o la r  so lven ts ,  e .g .  a ce t ic  ac id ,  a n d /o r  with h ig h er  b rom ine  
c o n c e n t r a t io n s  the k ine t ics  is co m p le x ,  of ten  with th r e e  te rm s  m ak ing  a 
c o n tr ib u t io n  to the ra te  exp re ss io n :  73,74
R a te  = /c i [a lk e n e ] [B r2] + k2[ a l k e n e ] [ B r 2]2 + /c3[ a lk e n e ] [ B r 2] [ B r ]
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T h e  m e c h a n is m  for m ore  co m p le x  b ro m in a t io n s  is best  d es cr ib e d  as  
A d E3 p ro c e s s e s .  In m e th a n o l ,  p s e u d o -s e c o n d  o rd e r  k ine t ics  are  
o b s e r v e d  w h e n  e x c e s s  b rom ide  ion is p re s e n t .  In such ins ta n c e s ,  the  
third te rm  b e c o m e s  the most  s ig n i f i c a n t .74
Fig. 52 .  TS  c o r res p o n d in g  to A d E3 m e c h a n i s m . 73,74
This  le a d s  to k ine t ic  e x p re s s io n s  s im i la r  to A d E3 m e c h a n is m  for  add it ion  
of h y d ro g e n  ha l id es  to a lk e n e s ,  a t ta ck  of ha l id e  ion on a l k e n e - h a lo g e n  
c o m p le x  is s ign i f ican t .  In n o n -p o la r  so lven ts  the k ine t ics  are  often found  
to c o r re s p o n d  to the f irst  two te rm s ,  this is in te rp re te d  as the c o l la p s e  of  
an a l k e n e - h a lo g e n  com p lex  to an io n -p a i r .  C h lo r in a t io n  g e n e r a l ly  
exh ib i ts  s e c o n d - o r d e r  k ine t ics ,  f irst  o rd e r  for  both a lk e n e  and ch lor ine .  
V a r io u s  s p e c ie s  for the b rom in a t in g  s p e c ie s  h av e  been  s ug ges t ,  
inc lud ing  B r6, B r2, and s o lv e n t -b r o m in e  c o m p l e x e s . 73 H o w e v e r  the KIE  
data  does  su g g e s t  tha t  the m ajor  m e c h a n is t ic  p roce ss  invo lves  ra te -  
l im it ing b rom o n iu m  ion f o r m a t i o n . 75,163
2 .6 .  E le c t r o p h i l i c  add it ion  to M a le ic  and F u m a r ic  ac id s  and sa l ts .
T h e  ad d i t io n  of b rom ine  to m a le ic  and fu m a r ic  ac id s  w as  s tud ied  by 
M c K e n z ie ,  using e th e r  as a s o l v e n t . 76 P re v io u s  r e s e a r c h e r s  had used  
a q u e o u s  so lu t ions  and som e  e r ro n e o u s  resu l ts  re c o rd e d  due to the
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i s o m e r is a t io n  of  m a le ic  ac id  to fu m a r ic  ac id c a ta ly s e d  by hyd ro ch lo r ic  or  
h yd ro b ro m ic  a c i d . 76 B a ses  will a lso c a ta ly s e  the is o m e r is a t io n  of m a le ic  
to fu m a r ic  a c i d . 77 C o -c r y s ta l l is a t io n  of m a le ic  and 4 , 4 ’-b ip y r id in e ,  in 
D M S O  or D M F ,  so lven t  with  high po lar i ty  and d ie le c t r ic  c o n s ta n ts  tha t  
disrupt  h y d ro g e n -b o n d in g ,  wil l resu l t  in c rys ta ls  of  fu m a r ic  acid and 4 , 4 ’- 
b ipyr id ine  ad d u c t .  T h e  s a m e  is not a c h ie v e d  w hen  using a c e to n e ,  
m e th a n o l ,  ch lo ro fo rm  and ethyl  a c e ta te .  R e f lu x in g  m a le ic  ac id  in D M F  or  
D M S O  a lo n e  do e s  not resu l t  in iso m er is a t io n  to fu m a r ic  a c i d . 77 Th e  
p r e p a ra t io n  of es te rs  using su lphur ic  ac id  c a ta ly s t  does  not resu l t  in 
is o m e r is a t io n  of  m a le ic  ac id  to fu m a r ic  ac id .
M c K e n z ie  d is c o v e r e d  tha t  the add it ion  of  b rom ine  products  to m a le ic  
acid y ie ld e d  iso -d ib ro m o s u c c in ic  ac id and fu m a r ic  ac id  y ie lded  meso-  
d ib ro m o s u c c in ic  a c i d . 76 H o lm b erg  in d e p e n d e n t ly  and at  the s a m e  t im e ,  
also co n c lu d e d  tha t  b rom ine  add ed  to m a le ic  ac id  would  y ie ld iso- 
d ib ro m o s u c c in ic  ac id .  Th is  ind ica ted  tha t  add i t ion  rea c t io n s  te n d e d  to 
yield trans  add i t ion  products  but did not so lve  the prob lem  of W a ld e n  
invers ions .
D e r iv a t iv e s  of succ in ic  ac id prov ided  the ini t ia l  s ta r t ing  point for  
r e s e a rc h  into the  W a ld e n  invers ion .  T h e  c o n f ig u ra t io n  of s ub s t i tu te d  
succ in ic  ac ids  would  shed l ight  on which iso la ted  acid  w as  fo rm ed  in the  
W a ld e n  invers ion .  T h e  study of add i t ion  re a c t io n s  w as  con duc ted  a few  
y e a rs  la te r  and this a lso help  to shed l ight  on s te r e o s p e c i f i c  re a c t io n s .  
O xid a t io n  of m a le ic  acid by po tass ium  p e r m a n g a n a t e  y ie lds  meso-  
ta r ta r ic  ac id ,  and ox ida t ion  of fu m a r ic  ac id  by p o tass iu m  p e r m a n g a n a t e  
y ie lds  ra c e m ic  m ix tu re  of t a r ta r ic  ac id ,  in a c c o r d a n c e  with  the c o n c e p t  of  
c /s -ad d i t io n  as p ropo sed  by W is l i c e n u s . 76,78
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Fig.  53 .  O x id a t io n  of  m a le ic  and fu m a r ic  ac ids  by K M n 0 4.76
H o w e v e r ,  P a s te u r  and Jun gf le isch  had shown tha t  a ra c e m ic  m ix ture  of  
t a r ta r ic  ac id  and m e s o - t a r ta r i c  ac id could  be iso la te d  by hydro lys is  of  
s i lv e r  sa l ts  of  d ib ro m o s u c c in ic  a c i d s . 76 Both A n s c h u tz  and K e ku le  
i so la ted  m e s o - t a r t r a t e  sa l ts  f rom boi l ing d ib r o m o s u c c in ic  acid in w a te r .  
D e m u th  and M e y e r  o b ta in e d  ra c e m ic  ta r ta r ic  ac id  from iso-  
d ib r o m o s u c c in ic  ac id .  T h e  c on vers ion  of  d ib ro m o s u c c in ic  acid into meso-  
t a r ta r ic  ac id  and the con vers io n  of  / 's o -d ib rom osucc in ic  ac id  into ra c e m ic  
ta r ta r ic  ac id  did not p re s e n t  a s im ple  s t o r y . 76
F ra n k la n d  had a lso  p re s e n te d  work  tha t  shows trans  add i t ion  to 
a c e ty le n ic  and e th y le n ic  c o m p o u n d s  w a s  the rule and not the  
e x c e p t i o n . 12 M c K e n z ie  c o n s id e re d  the n a tu re  of  fu m a r ic  and m a le ic  acid  
should  show  a re la t io n s h ip  with the d ib r o m o s u c c in ic  ac ids  p re p a re d  from  
the  ac id s  by add i t ion  of b rom ine .  O n e  se t  of d ib ro m o s u c c in ic  ac ids  
p r e p a re d  should  be of the m e s o - ty p e  and  the o th e r  should  be re s o lv a b le  
into d- or I- f o r m s . 76
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Fig.  54 .  B rom ina t io n  of  m a le ic  and fu m a r ic  ac ids  rep o r ted  by
M c K e n z i e . 76
M c K e n z ie  found tha t  the  iso - d ib ro m o s u c c in ic  ac id  resu l t ing  from  
b ro m in a t io n  of m a le ic  acid in e th e r ,  c o n s is ted  of two threo-  
d ib ro m o s u c c in ic  ac ids  and could be res o lv e d  with m o rp h in e  sal ts .  
M c K e n z ie  a lso  found tha t  the  d ib ro m o s u c c in ic  ac id  p r e p a re d  from  
brom ine  add i t ion  to fu m a r ic  ac id  in e th e r ,  an erythro  p roduct ,  could not
52 J. J. Robinson, Ph.D. Thesis. 2005
be r e s o l v e d . 76 H o lm b erg  at  the  s a m e  t ime and in d e p e n d e n t ly ,  con c lu d ed  
that  / s o -d ib r o m o s u c c in ic  ac id could be re s o lv e d ,  he m e a s u re d  the optica!  
ro ta t ion  of  his most  a c t ive  p roduct  and found [a]o  - 1 3 7 . 6 °  in ethyl  
a c e t a t e .  M c K e n z ie  o b ta in e d  a va lu e  of [ oc] d 13 of - 1 4 8 °  for 1-1,2-  
d ib ro m o s u c c in ic  ac id  in ethyl  a c e t a t e . 13
Add i t ion  of  h a lo g e n s  to u n s a tu ra te d  d iac id  d ia n io n s  resu l t  in 
s t e r e o c h e m ic a l  o u tc o m e s  qu i te  d i f fe re n t  f rom th o se  o b s e rv e d  by 
M a c K e n z ie .  In 1 9 2 5  it w as  shown that  the d isod ium  sa l t  of m a le ic  ac id  
re a c ts  with  hyp och lo ro u s  ac id ,  ch lo r ine  d is s o lv e d  in w a te r ,  und er  
a q u e o u s  c o n d i t io ns  to g ive  m a in ly  ch lo ro h y d r in s  as c/s add it ion  


































Fig. 55 .  Kuhn and Ebel  p r e p a ra t io n  of  1 R ( S ) - c h l o r o - 2 R ( S ) - h y d r o x y -  
succ in ic  ac id d ian ion ,  y ie ld ing  a r a c e m ic  add i t ion  p r o d u c t .79
Kuhn and Ebel  found tha t  add i t ion  of  h yp o c h lo ro u s  acid  ( H O C I )  to the  
d isod ium  sa l t  of m a le ic  and fu m ar ic  ac id s  g a v e  syn add i t ion  products  for  
d isod ium  m a le a t e  and m a in ly  8 0 %  ant i  ad d i t io n  for  d isod ium  fu m a r a te .  
T h e  add i t ion  of  hyp och lo rous  ac id to the d isod ium  sal t  of fu m a r ic  ac id
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also  y ie lds  syn add i t ion  p ro d u c ts  ( 2 0 % )  resul t ing  in s o m e  o vera l l  cis 
add i t ion  p r o d u c ts .79
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Fig. 56 .  B a d e a  p ropo sed  m e c h a n is m  for  ch lo rohydr in  fo rm a t io n  from  
disodium  sa l t  of  m a le ic  ac id  by hydro lys is  of a - l a c t o n e . 80
T h e s e  resu l t  w e r e  c la im e d  by B a d e a  to be resu l t  of  the  p a r t ic ip a t io n  of  
c a r b o x y la te  groups in cau s in g  ring ope n in g  of the in te r m e d ia t e  
c h lo ron ium  ions. B a d e a  also c la im s  tha t  with su b s t i tu te d  m a le ic  ac ids ,  
m o n o - m e t h y l - m a l e i c  and 2 , 3 - d i m e t h y l m a l e i c  ac ids ,  th e re  is no syn 
add i t io n  in bas ic  s o lu t io n s .80 B a d e a  a lso  c la im s tha t  p a r t ic ip a t io n  of the  
carb o xy l  groups  in the c h lo r in a t io n  of  d isod ium  m a le ic  and fu m a r ic  acid  
is a lso  in a g r e e m e n t  with  s o lvo lys is  of a - h a l o g e n a t e d  ac ids  and the  
W a l d e n  invers ion .  B a d e a  did not p r e s e n t  em p ir ica l  e v i d e n c e . 80
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Fig.  57 .  B a d e a  p ro p o s e d  m e c h a n is m  for c h lo rohy dr in  fo rm a t io n  from  
disod ium  sal t  of fu m a r ic  ac id  by h yd ro lys is  of  a - l a c t o n e  and ch loron ium
ions. 80
T e r ry  and E i c h e lb e r g e r ,  a lso  in 1 9 2 5  and th e r e f o r e  in d e p e n d e n t ly ,  did 
s im i la r  w ork  s tudy ing  the  a d d i t io n  of  h yp o ch lo ro u s  acid  to d isod ium  sa l ts  
of m a le ic  acid and fu m a r ic  ac id ,  h o w e v e r  with a d d i t io n a l  ch lo r ide  ions  
from a d d e d  sod ium  c h lo r id e .  T e r r y  and  E ic h e lb e r g e r  h o w e v e r  iso la ted  
d ic h lo ro c o m p o u n d s  in s te a d  of c h lo r o h y d r in s .81 T e r r y  and E ic h e lb e r g e r  
i so la ted  syn a d d i t io n  p ro d u c ts  from add i t io n  of c h lo r in e  to d isod ium  
m a le a t e ,  in a g r e e m e n t  with e a r l i e r  w ork  by Kuhn and Ebe l .  H o w e v e r ,  
T e r ry  and E i c h e lb e r g e r  is o la te d  syn  add i t ion  produ cts  from add i t ion  of  
ch lor ine  to d isod ium  f u m a r a t e . 81
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Fig.  58 .  S u m m a r y  of rep o r te d  w ork  by T e r r y  and  E i c h e lb e rg e r . 81
In 1 9 2 8  Kuhn and W a g n e r - J a u r e g g  r e p e a te d  the w ork  of T e r r y  and  
E i c h e lb e r g e r  and sho w ed  that  T e r r y  and E i c h e lb e r g e r  w e r e  m is ta k e n  in 
the c as e  of h a lo g e n a t io n  of  d isod ium  f u m a r a te ,  which a c tu a l ly  gav e  
most ly  8 2 %  yie ld of m e s o -d ic h lo r o s u c c in ic  ac id ,  the  anti  add it ion  
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Fig. 59 .  T h e  resu l ts  of Kuhn and W a g n e r - J a u r e g g . 82
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Also iso la ted  w as ,  at  most  18%  r a c e m ic -d ic h lo ro s u c c in ic  acid in 
a g r e e m e n t  with Kuhn and E b e l ’s e a r l ie r  work w h e r e  c h lo rohy dr ins  w e re  
i s o l a t e d . 82 A d d i t ion  of ch lo r ine  to sod ium m a le a t e  in the p r e s e n c e  of  
sod ium  ch lo r ide  y ie lds  a lm os t  exc lu s iv e ly  m eso -d ic h lo ro s u c c in ic  ac id ,  
w h e r e a s  sod ium  f u m a r a te  u n d e r  s im i la r  cond i t ions  g ives  at  most  18%  of  
ra c e m ic - d ic h lo ro s u c c in ic  ac id and more than 8 0 %  of meso-  
d ic h lo ro s u c c in ic  a c i d . 82
T h e  init ial  e x p la n a t io n  for th e s e  f ind ings  was  a t t r ib u te d  by W e is s  to the  
ins tab i l i ty  of the  b rom on ium  ion of m a le a t e  d ian ion ,  as  the two ec l ipsed  
c arbo xy l  g roup would  repel  each  o t h e r . 83 W e is s  took the opin ion that  the  
two g roups  would  repel  each  to such an ex te n t  as to in i t ia te  r ing open ing  
of the b rom on ium  and rota t ion  of  the cen tra l  c a r b o n -c a r b o n  s ing le  bond  
and s u b s e q u e n t  fo rm a t ion  of  the m e s o - 1 , 2 - d ib r o m i d e  p r o d u c t .83
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Fig.  60 .  W e is s  s u g g e s te d  m e c h a n is m  for  fo rm a t io n  of racemic  and meso-
d ib r o m o s u c c in a t e . 83
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W e is s  found tha t  b rom in a t io n  of  d isod ium  m a le a t e  g a v e  pr im ar i ly  7 8 %  
meso  d ib ro m id e  ad d u c ts .  W e is s  a lso  found tha t  b rom in a t io n  of  f u m a r a te  
at v a r io u s  t e m p e r a t u r e s  and b rom ide  c o n c e n t r a t io n s  a lw a y s  led to a 
m ixture  of  p roducts ,  which c o n ta in e d  9 3 %  meso  d ib ro m id e .  W e is s  
p ropo sed  tha t  the init ial  cyc lic  b rom onium  ion would  be d i f f icu l t  to form  
and may h yd ro lys e  to y ie ld  b rom ohy dr in ,  h o w e v e r ,  no brom ohydr in  w as  
i s o l a t e d . 83
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Fig. 61 .  W e is s  s u g g e s te d  m e c h a n is m  for fo rm a t io n  of meso-
d ib r o m o s u c c in a t e . 83
A t tack  of  b ro m in e  upon carboxy l  groups  to y ie ld acyl h yp o b ro m ite  
in te r m e d ia t e ,  y ie ld ing  p roducts  from 1 ,4 -a d d i t io n .  W a t e r  is not  
su f f ic ien t ly  n u c le o p h i l ic  to a t ta c k  the h y p o b ro m ite .  W e is s  th e r e fo r e  
p ropo sed  tha t  two m e c h a n is m s  w e re  o p e ra t in g  in the  b rom in a t io n  of  
m a le ic  and fu m a r ic  sa l ts .  The  h igher  e n e rg y  b rom on ium  m e c h a n is m ,  
which e f fe c ts  a t rans  add i t ion  product  and the low er  e n e rg y  1 ,4 -a d d i t io n  
m e c h a n is m  which  p ro d u ces  pr im ar i ly  a meso  p roduct .  T h e  m e c h a n is m  
tha t  p ro p o s e s  the in it ia l  fo rm a t io n  of a cyc lic  b rom o n iu m  ion fo l lo w ed  by 
b a c k -s id e  a t ta c k  by of b rom ine  an ion  has been  a c c e p te d  as a g e n e r a l  
m e c h a n is m  for  b ro m in a t io n  of a lk e n e s .  Bell  and Pr ing h av e  po in ted  out  
tha t  “T h e  main  e v id e n c e  a d d u c e d  to sup por t  the b rom on ium  ion
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h y p o th e s is  is the  p r e p o n d e r a n c e  of trans  ad d i t ion ,  though an e xc ep t io n  
has to be m a d e  for add i t ion  to the doubly  c h a rg e d  m a le a t e  io n . ”84 T h e  
s u g g e s te d  m e c h a n is m  of W e is s  does not invo lve  n e ig h b o u r in g  group  
p ar t ic ip a t io n  of  the c a r b o x y la te  g roups ,  a - l a c t o n e  fo rm a t io n  is not  
i n v o l v e d . 83
K ingsbury  t re a te d  m e s a c o n ic  ac id with po tass iu m  c a r b o n a t e  in d e u te r iu m  
ox ide  with d ro p w is e  add i t ion  of b rom ine  a c c o m p a n ie d  by in te rm i t ten t  
coo l ing .  From fo l low ing  1H N M R  sp e c t ra  he c la im e d  to hav e  fo rm ed  a p- 
l a c t o n e . 85
2 .8 .  H a lo a e n a t io n  of  2 . 3 - d i m e t h v l m a l e a t e  and 2 .3 - d im e t h v l f u m a r a t e  
sa l ts .
T a r b e l l  and B art le t t  had in v e s t ig a te d  the b ro m in a t io n  of  s t i lb en e  in 
m e th a n o l  to in v e s t ig a te  n o n -p h o to c h e m ic a l  h a lo g e n a t io n .  T h e  product  
w as  not d ib r o m o s t i lb e n e ,  1 - b r o m o - 2 - m e t h o x y - s t i lb e n e  w as  iso la ted  and it 
w as  c o n c lu d ed  that  a c h a rg e d  in te r m e d ia t e  w as  invo lved  in the  
bro m in a t io n  r e a c t i o n . 67
T h e  reac t ion  s c h e m e  for a q u e o u s  h a lo g e n a t io n  of 2 , 3 - d i m e t h y l m a l e a t e  
and 2 , 3 - d im e t h y l f u m a r a t e  d isod ium  sa l ts  p roposed  by T a rb e l l  and  
B a rt le t t  is i l lus t ra ted  be low in f igure  6 2 . 86 A l though  the reac t ion  is 
i l lus t ra ted  with ch lor ine ,  the ass u m p t io n  was m a d e  tha t  b rom ine  would  
b e h a v e  in a s im i la r  m a n n e r  as c h l o r i n e . 86
T h e  reac t ion  of  2 , 3 - d im e t h y l m a l e a t e  and  2 ,3 - d im e t h y l f u m a r a t e  sa l ts  with  
ch lo r ine  or b rom ine  in a q u e o u s  so lu t ion  fo l lows e x a c t ly  the s a m e  course .  
T h e  products  of  reac t ion  with c h lo r in e  or b rom ine  wil l y ie ld  p - la c to n e s .  
Acid hydro lys is  of the p - la c to n e s  wil l resu l t  in h a lo h y d r in s ,  which melt  
with d e c o m p o s i t io n .86
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Fig. 62 .  T a r b e l l  B a r t le t t  reac t ion  s c h e m e  for fo rm a t io n  of p - la c to n e s  from
a q u e o u s  h a lo g e n a t io n  of d iac id  s a l t s . 86
T h e  th e rm a l  d e c o m p o s i t io n  of som e p - la c to n e s  to a lk e n e s  has been  
shown to be a s t e r e o s p e c i f i c  cis e l im in a t io n .









Fig. 63. Decarboxylat ion of p-chlorophenyl -p- lactones.48,86
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In w a te r  at  pH 6 .2 ,  7 5 %  of c is -a - m e t h y l - p - ( p - c h l o r o p h e n y l ) - p -  
p ro p io la c to n e  wil l und ergo  d e c a r b o x y la t io n  with re ten t ion  of  
c o n f ig u ra t io n  at  2 5 ° C  or 1 0 0 ° C ,  to y ie ld  a c / 's -propene.  T h e  rem a in in g  
la c to n e ,  2 5 %  will  hyd ro lyse  to y ie ld  a f f r r e o -h y d r o x y -a c id .48,86 H o w e v e r ,  
p - la c to n e s  can n o t  be p re p a re d  from ha lo h y d r in s .  So w h e r e a s  a q u e o u s  
h a lo g e n a t io n  of  m a le ic  and fu m a r ic  sa l ts  will  y ie ld ha lo h y d r in s  as found  
by Kuhn,  Ebe l  and W a g n e r - J a u r e g g ,  T a r b e l l  and B a r t le t t  did not f ind  
h a lo h y d r in s  from a q u e o u s  h a lo g e n a t io n  of 2 , 3 - d i m e t h y l m a l e a t e  and 2 , 3 -  
d im e th y l f u m a r a t e  d isod ium  s a l t s . 86 If s in g le - s te p  add i t ion  of ch lor ine  
m o le c u le  y ie ld  a d ic h io ro -a d d u c t ,  e l im in a t io n  of sod ium  ch lo r ide  might  
yie ld  c h lo ro la c to n e .  An init ial  d ic h io r o -a d d u c t  would  have  to be  
s y m m e t r ic a l  d ic h lo r o d im e th y ls u c c in a te .  O nly  one form the two poss ib le  
ac ids  of d ic h lo r o d im e th y ls u c c in ic  ac id w as  noted by Kuhn and Ebe l ,  and  
as two p - la c to n e s  w e r e  p r e p a re d ,  the d i c h lo r o d im e th y ls u c c in a te  noted  by 
Kuhn and Ebe l  should  y ie ld a p - la c to n e  if the  d ic h lo r o d im e th y ls u c c in a te  
w as  an i n t e r m e d i a t e . 86,79 W h e n  the d ic h lo r o d im e th y ls u c c in ic  acid was  
n e u t r a l is e d  with sod ium  b ic a r b o n a te  and le ft  at  a m b ie n t  for 2 days ,  only  
ch lo ro t ig l ic  acid with a m.p. of 6 6 - 6 8 ° C  and som e s tar t ing  m ate r ia l  w e re  
i so la te d .  No p - la c to n e  was  iso la ted .  A lso  q u a n t i t a t i v e  e l im in a t io n  of  
sod ium  ch lo r ide  from d ic h lo r o d im e th y ls u c c in a te  req u i red  ab o u t  24  hours  
at  2 5 ° C ,  w h e r e a s  a q u e o u s  h a lo g e n a t io n  of  2 , 3 - d im e t h y l f u m a r a t e  and
2 , 3 - d i m e t h y l m a l e a t e  d isod ium  sa l ts  y ie ld  p - la c to n e s  in less than 30  
m in u t e s . 86
T h e  fo rm a t io n  of a zw i t te r io n  i n te r m e d ia t e  w a s  d is c o u n te d  as this would  
a l lo w  for ro ta t ion  about  the C -C  cen tra l  bond and thus ident ica l  products
Na2C 0 3(aq) 
_©  ambient 
48 hrs CH3 CH3 o  Na2C 0 3(aq)
/ /  ambient, 48 hrs
Fig.  64 .  E l im ina t io n  to y ie ld  ch lo ro t ig l ic  a c i d . 86
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from both r e a c ta n ts  would  be p oss ib le .  T a r b e l l  and B a r t le t t  fu r th e r  
a rg u e d  th a t  s y n c h ro n o u s  a t ta c k  by h a lo g e n s  and carboxy l  group oxygen  
w ould  p r e s e n t  s te r e o c h e m ic a l  d i f f icu l ty ,  due to the r ig id i ty  of the cen tra l  
c a r b o n -c a r b o n  d o u b le  bond,  e i th e r  a m ethy l  group or a carboxy l  group  
will h in d e r  any  a t ta ck in g  c a r b o x y la te  oxy gen  a tom .  T h e r e f o r e ,  T a rb e l l  
and B a r t le t t  took the opin ion tha t  the reac t io n  s teps  o ccurred  in the  
q u ic k e s t  p o s s ib le  s u c c e s s io n .  T h e  p r e s e n c e  of  m ethy l  groups  in the 2 , 3 -  
d i m e t h y lm a l e a t e  and 2 , 3 - d i m e t h y f u m a r a t e  should  a lso  ass is t  in ring 
f o r m a t i o n . 86
F re e  2 , 3 - d i m e t h y l m a l e i c  ac id  is unknow n ,  a c id i f ica t io n  in a q u e o u s  
so lu t ion  g iv e s  r ise to the s p o n ta n e o u s  fo rm a t io n  of a s ta b le  a n h y d r id e  
tha t  is iner t  to w a rd s  b rom ina t ion  or c h lo r in a t io n ,  even  with ch loro form  
with s o lven t .  T h e  reac t ion  of s t i lb en e  with b rom ine  resu l ts  in add i t ion  
p roducts  ar is ing  from add i t ion  of b rom ine  a n d /o r  so lv e n t  m e th a n o l .  T h e  
reac t ion  of 2 ,3 - d im e t h y l m a l e ic  ac id d isod ium  sal t  and 2 , 3 -  
d im e th y l f u m a r ic  ac id d isod ium  sal t  with a q u e o u s  brom ine  resul ts  in i t ia l ly  
in the fo rm a t io n  of p - la c to n e s ,  not s u b s t i tu te d  succ in ic  ac ids  or 
b ro m o h y d r in s .
S u b s t i tu t io n  rea c t io n s  with p h e n y lh a lo a c e t ic  and h a lo s u c c in ic  ac ids  do 
not resu l t  in p - l a c t o n e s . 86,87,88 S t i lb e n e  has phenyl  groups  a t ta c h e d  to 
the  d o u b le  bond and the b rom ine  a d d i t ion  is s im i la r  to the h a lo g e n a t io n  
of  cis and f r a n s - 2 - b u t e n e . 68,69,86 Th e  ca rbo xy l  groups  must  th e r e fo r e  
a c c o u n t  for  the m e c h a n is t ic  d i f f e r e n c e s .
T a r b e l l  and  B a r t le t t  w e re  of the opin ion tha t  any  in te r m e d ia t e s  w e re  
short  l ived and tha t  r ing c losure  by a t ta c k  of a carbo xy l  group occ u r re d  
in the q u ic k e s t  poss ib le  su c cess io n  fo l low ing  e le c t ro p h i l ic  a t ta ck  by 
ch lo r in e .  T a r b e l l  and B a r t le t t  a lso  a s s u m e d  that  iden t ica l  b rom ohydr in  
fo rm e d  f rom acid  c a ta ly s e d  hydro lys is  of both p - la c to n e s  fo rm e d .  As the  
h a lo h y d r in s  m el t  with d e c o m p o s i t io n ,  to c h e c k  s te r e o c h e m ic a l  puri ty  and  
iden t i ty ,  the  ra te  of reac t ion  of the c h lo ro h y d r in s  with sod ium  hyd ro x id e  
w as  s tu d ie d .  For  m a le ic  and fu m a r ic  c h lo ro h y d r in s ,  the ra te  of  reac t ion
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with sod ium  hyd ro x id e  is d e p e n d e n t  upon c o n f ig u r a t io n .79,82 H o w e v e r ,
T a r b e l l  and  B a r t le t t  found tha t  both c h lo rohy dr ins ,  f rom c h lo r ina t ion  of
2 , 3 - d i m e t h y l m a l e a t e  and 2 , 3 - d im e t h y l f u m a r a t e ,  r e a c te d  as s ingle  
s u b s ta n c e s  and with s im i la r  ra tes .  R e a c t io n  of the ch lo rohy dr ins  with  
a q u e o u s  sod ium  hyd ro x id e  resu l ted  in l ibe ra t ion  of ch lo r ide  io n s .86
T h e  p - la c to n e  from the reac t ion  with 2 , 3 - d i m e t h y l m a l e a t e  d isod ium  sa l t  
and a q u e o u s  b rom ine  g a v e  a p - la c to n e  with a m.p .  of 9 5 - 9 6 ° C .  T h e  p-  
l a c to n e  fo rm e d  from the reac t ion  of 2 ,3 - d im e t h y l f u m a r a t e  d isod ium  sa l t  
and b ro m in e  g a v e  a p - la c to n e  with a m.p .  of 1 4 8 - 1 5 0 ° C .  T a r b e l l  and  
Ba rt le t t  w e r e  e x a m in in g  the  n a tu re  of  e le c t ro p h i l i c  add i t ion  and w e r e  
in te re s te d  in ra t io n a l is in g  the k ine t ic  da ta  p re v io u s ly  o b ta in e d  for  
e le c t r o p h i l i c  add i t ion  of b rom ine  to s t i lb e n e  in m e t h a n o l . 67 A d ib rom o  
ad d u c t  w a s  not fo rm e d ,  1 - b r o m o - 2 - m e t h o x y s t i l b e n e  w as  the m ajor  
iso la ted  produ ct .  Th is  led T a r b e l l  and B a r t le t t  to c o n c lu d e  that  a 
m e c h a n is m  as i l lus t ra ted  in f igu re  65  w as  r e s p o n s ib le  for ha logen  
add i t ion  to an a lk e n e .
Fig.  65 .  T a r b e l l  and B a r t le t t  p ro p o sed  m e c h a n is m  for ch lo rohydr in  and
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3. E x p e r im e n ta l  S e c t io n
T h e  b ro m in a t io n  of 2 , 3 - d i m e t h y l m a l e a t e  and 2 , 3 - d im e t h y l f u m a r a t e  
d isod ium  sa l ts  w as  re p e a te d  to f a c i l i t a te  u n a m b ig u o u s  s te r e o s p e c i f ic  
a s s ig n m e n t  using s p e c t ro s c o p ic  te c h n iq u e s  for iso la te d  b ro m o -p -  
l a c t o n e s . 91
3 1 y  0 o



























Fig.  66 .  A n u m b e r  of m e c h a n is m s  have  bee n  p r o p o s e d . 91
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T h e  (3-lactone p r e p a re d  by T a rb e l l  and B a r t le t t  had d i f fe re n t  m el t ing  
points  and w e r e  m o n o b a s ic  la c to n e s .  No s t ruc tura l  a s s ig n m e n t  could  be  
m a d e  in 1 9 3 7 .  In l ight  of the fact  tha t  d i f f e r e n t  m e c h a n is m s  have  bee n  
p ro p o s e d  by T a r b e l l  and B a r t le t t ,  R o b e r ts  and K im ba l l ,  B a d e a  and  
B u c h a n a n  and c o -w o r k e r s ,  re p e a t in g  the  e x p e r im e n t  would  a l low  
s t ru c tu ra l  a s s ig n m e n t  to be m a d e . 91
3.1 P r o c e d u r e  for  a q u e o u s  b rom in a t io n  o f  2 . 3 - d i m e t h v l m a l e a t e  d isod ium  
salt .
T h e  b ro m in a t io n  of 2 , 3 - d i m e t h y l - m a l e a t e  w as  car r ied  out  acc o rd in g  to 
the m e th o d  of T a r b e l l  and B a r t l e t t 86.
2 , 3 - d i m e t h y l m a l e i c  a n h y d r id e  (5g ,  3 9 . 6 4 m m o l )  w as  a d d e d  to w a te r  
( 4 0 m l )  with  sod ium  hyd ro x id e  ( 3 .2 g ,  8 0 . 0 0 m m o l )  and s t i r red  to e f fe c t  
so lu t ion .  B ro m in e  ( 6 .4 g ,  4 0 . 0 4 m m o l )  w a s  s u s p e n d e d  in w a te r  ( 4 0 0 m l )  
with s t i r r ing .  T h e  brom ine  s us pens ion  w a s  ad d ed  to the 2 , 3 -  
d i m e t h y lm a l e a t e  d ian ion  solut ion  d ro p w is e  with  st ir r ing over  a per iod  of  
a b o u t  20  m in u te s .  T h e  brom ine  co lour  d is a p p e a r e d  a f te r  a few  m in u te s .
T h e  a q u e o u s  solut ion  w as  e x t ra c te d  with  ethyl  a c e t a t e  ( 3 * 1 0 0 m l ) .  T h e  
co m b in e d  ethyl  a c e t a t e  was  dr ied  with a n h y d ro u s  sod ium  su lp h a te ,  
f i l te re d  and  e v a p o r a t e d  in vacuo  at  a m b ie n t  t e m p e r a t u r e  to re m o v e  the  
ethyl  a c e t a t e .  T h e  res id u e  was  th ick  oil with som e  crys ta ls  on the f lask  
s ides .  T h e  o rg a n ic  r e s id u e  w as  d isso lved  in to lu e n e  ( 3 0 m l ) .  D ro p w is e  
a d d i t ion  of  p e t ro le u m  e th e r  [ 4 0 - 6 0 ° ,  < 5 m l]  c au sed  tu rb id i ty  and c rys ta ls  
w e r e  a l lo w e d  to form. M ore  p e t ro le u m  e t h e r  [ 4 0 - 6 0 ° ,  35m l]  w as  a d d e d .  
T h e  c rys ta ls  w e re  c o l lec ted  and the  f ra c t io n a l  c ry s ta l l is a t io n  r e p e a te d  a
G
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fu r th e r  two t im es  from t o lu e n e  and p e t ro le u m  e th e r  [ 4 0 - 6 0 ° ]  to y ie ld  the  
[ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e .
Th e  a q u e o u s  la y e r  w as  ac id i f ied  with su lp h u r ic  ac id ,  su lphur ic  acid  
( 0 .7 g ,  7 . 1 4 m m o l )  in w a te r  ( 2 0 m l ) .  Th is  w as  e x t r a c te d  with ethyl  a c e t a t e  
( 3 x 1 0 0 m l ) .  T h e  co m b in ed  ethyl  a c e t a t e  w a s  w a s h e d  with w a te r  ( 5 0 m l )  to 
re m o v e  e x c e s s  acid  and the o rg a n ic  p h a s e  was  dr ied  with an h y d ro u s  
sod ium  s u lp h a te .  T h e n  f i l te red  and e v a p o r a t e d  in vacuo  at  a m b ie n t .  Th is  
left  a c id i f ie d  o rg an ic  c rude  product .  T h e  ac id i f ied  c rude  product  w as  
f ra c t io n a l ly  re c ry s ta l l is e d  from t o lu e n e  and p e t ro le u m  e th e r  [ 4 0 - 6 0 ° ]  as  
with the  n o n -a c id i f i e d  product ,  s ee  a b o v e .  T h e  c rys ta l l ise d  product  w as  
dried with g e n t le  v ac u u m .
Y ie ld  of  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  
as c rude  y ie ld  w as  2g ( 2 2 % ) .  R e c r y s t a l l i s e d  y ie ld  w as  0 .9 g  ( 1 0 % ) .  
M e a s u r e d  m .p .  9 2 - 9 4 ° C ,  the l i t e ra tu re  v a lu e  is 9 5 - 9 6 ° C . 86,91
3 .2  P r o c e d u r e  for  p r e p a ra t io n  of 2 . 3 - d im e t h v l f u m a r ic  d iac id  from 2 . 3 -  
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T h e  2 , 3 - d im e t h y l f u m a r ic  ac id  w as  p r e p a re d  from the  m ethod  of O t t . 90
2 , 3 - d i m e t h y l - m a l e i c  a n h y d r id e  ( 3 0 g ,  2 3 7 . 8 m m o l )  w as  a d d e d  to sod ium  
hyd ro x id e  ( 8 0 g ,  2 m o l )  in w a te r  ( 2 0 0 m l ) .  T h e  m ix ture  w as  h e a te d  to re f lux  
for 10 hours .  O n c e  c oo led ,  conc.  h y d ro c h lo r ic  acid (ca  3 2 % ,  1 5 5 m l )  w as  
ad d e d  to br ing pH to n eu tra l  and c a u s e s  sol id  to p re c ip i ta te .  M ore  
c o n c e n t r a te d  h yd ro ch lo r ic  ac id ( 2 0 m l )  w a s  a d d e d  and a th ick  w h i te  solid  
s e p a r a t e d  out ,  pH w as  3.  Ethyl  a c e t a t e  ( 2 0 0 m l )  w as  a d d e d  and the  
m ix ture  a l lo w e d  to s e p a r a t e .  To aid s e p a r a t io n  w a te r  ( 5 0 0 m l )  was  a d d e d .
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F u r th e r  e x t r a c t io n s  with ethyl  a c e t a t e  ( 4 x 2 0 0 m l )  w e r e  m ad e .  T h e  
c o m b in e d  e thy l  a c e t a t e  port ion w as  e v a p o r a t e d  in vacuo  at  4 0 ° C .  T h e  
o rg a n ic  r e s id u e  w as  dr ied  in vacuo  and the y ie ld e d  4 . 1 5 g  and m.p .
2 3 5 ° C ,  r e c o v e r e d  s tar t ing  m a te r ia l .  T h e  a q u e o u s  la y e r  w as  then  
e x t r a c te d  with ch loro form  ( 4 x 2 0 0 m l ) .  T h e  o rg a n ic  p roduct  f rom the  
ch lo ro fo rm  w as  dr ied  with in vacuo,  y ie ld  1 0 . 2 5 g .  C ru d e  product  w as  
r e c r y s ta l l is e d ,  hot,  f rom ch loro form  ( 6 0 m l ) ,  dr ied  in vacuo,  with a y ie ld  
of 2 , 3 - d im e t h y l - f u m a r i c  acid of 3 .4g  ( 9 . 9 % )  and m.p .  2 4 7 . 8 °C .
3 .3  P r o c e d u r e  for a q u e o u s  b ro m in a t io n  of 2 . 3 - d im e t h v l f u m a r a t e  d isod ium  
salt .
T h e  b ro m in a t io n  of the fu m a r a te  s p e c ie s  w as  c a r r ie d  out  in a s im i la r  
m a n n e r  to tha t  for the m a le a t e  s p e c ie s .  2 , 3 - d im e t h y l f u m a r ic  ac id  (3g ,  
2 1 . 1 m m o l )  w as  a d d e d  to w a te r  ( 2 4 m l )  and sod ium  h y d ro x id e  ( 1 .6 6 g ,  
4 1 . 5 m m o l  ). B rom ine  ( 3 .3 g ,  2 0 . 6 5 m m o l )  was  s u s p e n d e d  in w a te r  ( 2 4 0 m l )  
with s t i r r ing .  T h e  brom ine  susp en s io n  w as  a d d e d  to the  2 , 3 -  
d im e th y l f u m a r a t e  d ian ion  solut ion  d ro p w is e  with st ir r ing ove r  a per iod of  
ab o u t  20  m in u te s .  T h e  brom ine  co lour  d i s a p p e a r e d  a f te r  a few  m in u te s .  
T h e  a q u e o u s  m ix ture  w as  e x t r a c te d  with  ethyl  a c e t a t e  ( 4 * 3 0 m l ) .  T h e  
ethyl  a c e t a t e  w as  e v a p o r a t e d  at a m b ie n t  in vacuo.  T h e  c rude  product  
f rom ethy l  a c e t a t e  p h a se  w as  f ra c t io n a l ly  r e c r y s ta l l is e d  from to lu e n e  
( 1 5 m l )  and Pe t  E th e r  [ 4 0 - 6 0 ° ,  7m l] ,  t h r e e  t im es .  T h e  y ie ld  of [ ( 3 R ( 3 S ) ,  
4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  w as  0 . 8 2 g ,  m .p .  
1 4 8 . 7 °C ,  l i t e r a tu r e  v a lu e  is 1 4 8 - 1 5 0 ° C . 86
T h e  b ro m o h y d r in s  have  been  c h a r a c t e r is e d  by o th e r  r e s e a r c h e r s  from  
hyd ro lys is  of the b r o m o -p - la c to n e  i s o l a t e d . 89
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4. Spectroscopic  Results
Isolated recrys ta l l i sed bromo-p- l ac tones  were examined wi th X-ray 
c rys ta l lography .  As both crude and recrys ta l l i sed mater ial  was also 
i solated,  13C NMR and 1H NMR, infra red spect ra and m.p. data were 
obtained.  No bromohydr ins  or d i b romoadduc ts  were isolated,  only 










Fig. 67. Crystal  s t ruc tures of  i solated p roduc t s .91
4.1 Product  f rom brominat ion of  2 ,3 -d imethy lma lea te  d isodium sal t
For [ 3S (3R) ,4S(4R) ] -3 -b  romo-4-carb ox y-3 ,4-d imethy l  ox e tan-2-one (M8x) 
isolated f rom aqueous brominat ion of 2 ,3 -d imethy lma lea te  d isodium salt ,  
shown as S1 on page 71. The l i terature value for m.p. is 95-96°C,  a 
value of  92-94°C was measured.  The 1H NMR (400 MFIz) data obtained 
in (CD3)2SO, shown as S2 on page 72, was 1.81 ppm s inglet  for  methyl  
protons ad jacent  to carboxy l i c  acid group and 1.93 ppm was s inglet  for 
other  methyl  protons ad jacent  to bromine atom. The 13C NMR (100 MFIz) 
obtained in (CD3)2SO, shown as S3 on page 73, was 22.9 ppm for methyl  
carbon atom ad jacent  to carboxy l i c  acid group,  23.1 ppm for  the other  
methyl  carbon atom adjacent  to bromine,  66.4 ppm for  the C-3 carbon
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atom a t ta c h e d  to b ro m in e ,  8 3 . 6  ppm for the C -4  carbon  atom  a t ta c h e d  to 
c a rb o x y l ic  ac id ,  1 6 6 .5  ppm for the p - la c to n e  ring C = 0  carbony l  and
1 6 8 .2  ppm the  o th e r  ca rb o x y l ic  ac id C = 0  a tom .  S e e  f igure  67 for  crys ta l  
s t ru c tu re s  and  a tom  n u m b e r i n g . 91 T h e  C O S Y  s p e c tru m  for  the  
r e c r y s ta l l is e d  m a te r ia l  M 8x  is shown in S4 on pag e  74 .  An in f ra - red  
sp e c t ru m  of the  iso la ted  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 -  
d i m e t h y lo x e t a n - 2 - o n e  as a nujol mull  was  o b ta in e d  and is shown as S9  
on pag e  7 9 .  T h e  nujol b lank  is shown as S 1 0  on pag e  80 .  T h e  nujol  mull  
IR s p e c t ru m  of  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n -  
2 - o n e  show s two in te n se  bands  at  1 8 3 5 . 2 c m ' 1 is a C = 0  ( p - l a c t o n e )  
s tre tch  and 1 7 2 2 .7 c m " 1 is n o rm a l ly  a s s o c ia te d  with C = 0  (ac id  - C O 2H)  
st re tch .
For  the  c ru d e  ac id i f ied  product  f rom a q u e o u s  b rom in a t io n  of  2 , 3 -  
d i m e t h y lm a l e a t e  d isod ium  sal t ,  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 -  
d i m e t h y lo x e t a n - 2 - o n e ,  shown as S11 and e x p a n d e d  s e c t io n s  S 1 2 ,  S 1 3 ,  
S 1 4  and S 1 5  on p ag es  81 to 85 ,  the  13C N M R  ( 1 0 0  M H z )  o b ta in e d  in 
( C D 3) 2S O  w a s  2 3 . 6 p p m  for  methy l  carbon  atom  a d ja c e n t  to c a rb o x y l ic  
acid group ,  2 3 . 8  ppm for the o th e r  methy l  carbon  atom  a d ja c e n t  to 
b rom ine ,  6 5 . 2  ppm for  the C -3  carbon  atom  a t ta c h e d  to b rom ine ,  8 4 . 5  
ppm for the  C - 4  carbon atom  a t ta c h e d  to ca rb o x y l ic  ac id ,  1 6 7 .5  ppm for 
the  p - la c to n e  ring C = 0  carbony l  and 1 6 9 .3  ppm the o th e r  c a rb o x y l ic  acid  
C = 0  a to m .  T h e  2 , 3 - d im e t h y l m a l e ic  a n h y d r id e  a p p e a r s  at  9 .9  ppm ( - C H 3 ) ,
1 4 1 .2  ppm (C  = C)  and 1 7 4 .4  ppm (C = 0 ) . 91,89 T h e re  is no 
[ 3 R ( 3 S ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  p re s e n t  in 
the c rude  m a l e a t e - b r o m o - p - l a c t o n e ,  so only one  d i a s t e r e o m e r  of  b rom o-  
p - la c to n e  is p r e s e n t  in the crude  product  b e fo re  the [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 -  
b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  is iso la ted  by 
r e c r y s ta l l is a t io n .
4 . 2  P ro d u c t  f rom bro m in a t io n  of  2 .3 - d im e t h v l f u m a r a t e  d isod ium  sa l t
For  the  b r o m o - p - la c to n e  iso la ted  from a q u e o u s  b rom in a t io n  of 2 , 3 -  
d im e th y l f u m a r a t e  d isod ium  sal t ,  [ 3 R ( 3 S ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y -
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3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  (F 8 x ) ,  s t ruc tu re  shown as S5  on pag e  7 5  from  
X - r a y  c r y s ta l lo g r a p h y .  T h e  l i t e ra tu re  va lu e  for m.p .  is 1 4 8 - 1 5 0 ° C ,  a va lu e  
of 1 4 8 . 7 ° C  w as  m e a s u r e d .  T h e  1H N M R  ( 4 0 0  M H z )  da ta  o b ta in e d  in 
( C D 3)2S O ,  S6  on pag e  76 ,  w as  1 .77  ppm a s ing le t  for methy l  pro tons  on 
C -5 ,  1 .9 9  ppm for  m ethy l  protons on C -4 .  T h e  13C N M R  ( 1 0 0  M H z )  
o b ta in e d  in ( C D 3)2S O ,  shown as S7  on p a g e  77 ,  w as  1 8 .3  ppm for m ethy l  
group C - 5 ,  2 1 . 0  ppm for  m ethy l  group C -4 ,  6 1 .4  ppm for  the  C -2  carbon  
a tom s,  8 5 . 0  ppm for the C -3  carbon  a to m s ,  1 6 6 .7  ppm for  the p - la c to n e  
C1 c a rb o n y l  group and 1 6 8 .9  ppm for the C -6  carboxy l  group.  S e e  
r e f e r e n c e  91 for  c r y s ta l lo g r a p h ic  d a ta .
T he  c ru d e  ac id i f ied  product  f rom a q u e o u s  b rom ina t ion  of 2 ,3 -  
d im e th y l f u m a r a t e  d isod ium  sal t ,  shown as S 1 6  and e x p a n d e d  as S 1 7 ,  
S 1 8 ,  S 1 9  and S 2 0  on p ag es  86  to 90 ,  the  13C N M R  ( 1 0 0  M H z )  o b ta in e d  
in ( C D 3) S O  w as  19.1 ppm for  m ethy l  g roup C -5 ,  2 1 . 8  ppm for m ethy l  
group C - 4 ,  6 2 . 2  ppm for  the C -2  carbon a to m s ,  8 5 . 9  ppm for the C -3  
carbon  a to m s ,  1 6 7 .8  ppm for  the  p - la c to n e  C1 carbo ny l  group and 1 6 9 .9  
ppm for  the  C - 6  carboxy l  group .  R e la t i v e ly  smal l  am o u n ts  of  the b ro m o -  
p - la c to n e  from brom in a t io n  of 2 , 3 - d i m e t h y l m a l e a t e ,  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 -  
b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e ,  w e re  p r e s e n t  too, 2 3 . 6 p p m  
for  m ethy l  carbon  a tom  a d ja c e n t  to c a r b o x y l ic  acid group ,  2 3 . 8  ppm for  
the o th e r  m ethy l  carbon atom a d ja c e n t  to b rom ine ,  6 5 . 2  ppm for the  C -3  
carbon  a tom  a t ta c h e d  to b rom ine ,  8 4 . 6  ppm for the C -4  carbon  a tom  
a t ta c h e d  to ca rb o x y l ic  ac id ,  1 6 7 .6  ppm for  the  p - la c to n e  ring C = 0  
carbony l  and 1 6 9 .4  ppm the o th e r  c a rb o x y l ic  acid C = 0  a tom .  M a le ic  
a n h y d r id e  w as  a lso p r e s e n t  1 7 4 .4  ( C = 0 ) ,  1 4 1 .2  ppm (C = C )  and 1 0 .0  ppm  
( - C H 3). T h e  2 , 3 - d im e t h y l f u m a r a t e  sal t  w as  p re p a re d  from 2 , 3 -  
d i m e th y lm a le ic  a n h y d r id e ,  so 2 , 3 - d i m e t h y l m a l e a t e  sa l t  w as  a lso  p re s e n t  
in smal l  a m o u n ts .  Thu s ,  the a q u e o u s  b rom in a t io n  of  the 2 , 3 -  
d i m e th y l f u m a r a t e  d isod ium  sal t  a lso  p ro d u ced  the b r o m o - p - la c to n e  of  
b ro m in a t io n  of 2 , 3 - d i m e t h y l m a l e a t e  d isod ium  sal t  f rom the r e la t iv e ly  
smal l  a m o u n t  of a n h y d r id e  in the r e a c ta n t  sa l ts .
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S4 Ma leate  bromo-p- lactone af ter  recrystal l isat ion CO SY spectra
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S5. F8x Fumara te  bromo-p- lactone as isolated from crystal lography
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S 8 . Fumarate  bromo-p- lactone af ter  recrystal l isat ion COSY NMR
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S11.  Ma leate crude product af ter  acidi f icat ion bromo-p- lactone 13C NMR
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S14.  Maleate acidi f ied crude mater ial  85 to 39 ppm 13C NMR
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1 5 . Ma leate  acidi f ied crude mater ia l  36 to 8 ppm ’ 3C NMR
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S16.  Fumarate  crude product af ter  acidi f icat ion bromo-p- lactone
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S 17. Fumarate  acidi f ied crude mater ial  213 to 167 ppm l3C NMR
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S18.  Fumarate  acidi f ied crude mater ia l  143 to 116 ppm 13C NMR
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S20.  Fumarate  acidi f ied crude mater ial  36 to 8 ppm ,3C NMR
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5. C o m p u ta t io n a l  Chem is try  In t ro duct ion
5.1 M o le c u la r  m o d e l l in g
T h e  p - la c to n e s  is o la te d ,  [ 3 R ( 3 S ) , 4 R ( 4 S ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 -  
d i m e t h y lo x e t a n - 2 - o n e  [M 8 X ]  and [ 3 R ( 3 S ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y -  
3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  [F 8 X ] ,  f rom a q u e o u s  b rom in a t io n  of  2 , 3 -  
d i m e t h y lm a l e a t e  and  2 , 3 - d i m e t h y f u m a r a t e  d isod ium  sa l ts ,  do not  h av e  
s te r e o c h e m is t r y  s u g g e s te d  by T a rb e l l  and B a r t l e t t . 86,89,91 92 T h e  obv ious  
q u e s t io n  to ask  is w hy  the s t e r e o c h e m is t r y  of the b r o m o - p - la c to n e s  
iso la te d  is the w a y  it is and not as  that  s u g g e s te d  by T a r b e l l  and  
Bart le t t .  T h e  a n s w e r  m ay  lie in the e n e rg e t ic s  of the reac t ion  p o ten t ia l  
e n e rg y  s u r fa c e .  C o m p u ta t io n a l  c h e m is t ry  t e c h n iq u e s  p ro v id e  c a lc u la t io n s  
of e n e rg y  for  a g iven  g e o m e try ;  the resu l ts  can then  be used to 
con struc t  a p o ten t ia l  e n e rg y  s u r fa c e  ( P E S )  for a p ropo sed  rea c t io n  
p a th w a y  to p ro p o s e  a m in im um  e n e rg y  path ( M E P )  b e tw e e n  r e a c ta n ts  
and iso la ted  p rodu cts  and to tes t  i d e a s . 93
C a lc u la t io n s  c o n c e r n e d  with  ch e m ic a l  rea c t io n s  are  n o rm a l ly  c o n c e rn e d  
with locat ing  the  lo w e s t  e n e rg y  path lead ing  from one m in im u m  through  
a s a d d le -p o in t  and to a n o th e r  m in im um .  C o m p u ta t io n a l  c h e m is t r y  is 
c o n c e rn e d  p r im a r i ly  with  a c c u r a te  e n e r g e t ic  c a lc u la t io n s .  T h e  p ro p e r t ie s  
of a g iven m o le c u le  a re  c a lc u la te d  by knowing  how the e le c t r o n ic  e n e rg y  
c h a n g e s  upon ad d in g  a p e r tu rb a t io n .  P e r tu r b a t io n s  m ay  be a g e o m e t r ic  
c h a n g e ,  e .g .  bond s t re tc h in g ,  or an e x te rn a l  in f lu en c e ,  e .g .  a p p ro a c h  of  
a so lv e n t  m o le c u le .  T h e s e  ca lc u la t io n s  o ccur  on a s ing le  m o le c u le ,  
e x p e r im e n t a l  o b s e r v a t io n s  h o w e v e r  a re  m a d e  on co l lec t io n s  of  m o le c u le s  
tha t  m ay have  a p o p u la t io n  of say  1 0 23 m o le c u le s  and a th e r m o d y n a m ic  
e n e rg y  d is t r ibut ion  as d e te r m in e d  by a B o l tz m a n n  d is t r ib u t io n .94 So  
s ta t is t ica l  th e r m o d y n a m ic s  is used to c a lc u la te d  m a c ro s c o p ic  p ro p e r t ie s  
such as h ea t  c a p a c i t y . 95
In m o le c u la r  m e c h a n ic  m e th o d s  em p ir ica l  da ta  is f i t ted m a t h e m a t ic a l l y  to 
f e a t u r e s  such as bond leng ths ,  a n g le s  and  d ih ed ra l  a n g l e s . 96 T h e s e  
m e th o d s  a re  s u i ta b le  for  sys te m s  w h e r e  q u a n tu m  c h e m is t ry  m e th o d s
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would  s im ply  t a k e  too long,  such as m in im is ing  a pro te in  m ode l .  V a r io u s  
part ia l  c h a rg e  m e th o d s  are  a v a i l a b le  that  a t te m p t  to c a lc u la te  part ia l  
c h a rg e s  bas ed  on a tom  types ,  n e a re s t  ne ig h b o u rs  or s c a le  the ch a rg e s  
to p rov ide  a m ode l  to fit d ipo le  m o m en ts .  T h e s e  m eth o d s  are  o f ten  used  
in m o le c u la r  m o d e l l in g ,  such as ra t iona l  drug d e s ig n . 97 M o le c u la r  
m e c h a n ic s  m e th o d s  do not model  bond b re a k in g  and bond fo rm a t io n .  
Q u a n tu m  m e c h a n ic s  and c o m p u ta t io n a l  ch e m is t ry  t e c h n iq u e s  must  be 
used to mode!  bond b r e a k in g / fo r m in g  p r o c e s s e s .
5 .2  S e l f  c o n s is te n t  f ie ld  c a lc u la t io n s .
All of the  c a lc u la t io n s  used to re la te  ch e m ic a l  e n e rg e t ic s  and m o le c u la r  
g e o m e tr y  are  a p p r o x im a t e  so lu t ions  of the S c h r o d in g e r  w a v e - e q u a t i o n . 98 
T h e  S c h r o d in g e r  w a v e  e q u a t io n  is of ten  w r i t ten  as HM* = EH1 when  
a p p l ie d  to m o le c u la r  sys te m s .  T h e  e n e rg y  E as d e r iv e d ,  is an 
e x p e c ta t io n  (an o b s e r v a b l e )  va lu e  tha t  has physica l  s ig n i f ic a n c e ,  it can  
be m e a s u r e d .  T h e  s y s te m s  e n e rg y ,  E, is the  e i g e n v a lu e  of the  
H a m i l to n ia n  o p e ra to r ,  H, co r re s p o n d in g  to the a l lo w ed  so lu t ions  of  the  
w a v e fu n c t io n  41. T h e  H a m i l to n ia n  is c o m p o sed  of k ine t ic  e n e rg y  (T) and  
p o ten t ia l  e n e rg y  te rm s  (V), w h e r e  e le c t ro n s  are  t re a te d  in d iv idu a l ly  and  
each  nuc leus  is t re a te d  as an a g g r e g a t e .  For  an e le c t ro n  in 3 
d im e n s io n a l  s p a c e ,  o f  c o o rd in a te s  x,  y and z,  and su b jec t  to an ex te rn a l  
f ie ld ,  say  n u c le a r  a t t r a c t io n ,  the t im e - in d e p e n d e n t  S c h r o d in g e r  e qu a t ion  
which d e s c r ib e s  the e n e r g e t ic  p ro p e r t ie s  of  the e lec t ron  is re p r e s e n te d  
b e l o w . 98’99’100’101-102
HVfx.y.z) = E^ (x,y,z} w h e r e  H = - h 2 V 2 + V and V 2V =  a 2V + a 2V + a 2V
8 tr 2#n a x 2 a y 2 a z 2
W h e r e  h is P l a n c k ’s co n s ta n t ,  V 2 is known as  “d e l ” s q u a re d  and is a 
L a p la c ia n  o p e ra to r ,  V tha t  m ay d e p e n d  upon posit ion and the ex te rn a l  
f ie ld ,  is the p o ten t ia l  e n e rg y  of the e le c t ro n  and m is the mass  of the  
e le c t ro n .
In a to m ic  units,  the  H a m i l to n ia n  for N  e le c t ro n s  and M  nuc le i  is shown  
be low .  T h e  rat io  of the  m ass  of the n u c leu s ,  of a to m ic  n u m b e r  Za, to the
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mass of  an e lect ron is Ma The dis tance between the / th  elect ron and the 
ath nucleus is ra/ . The d is tance between the / th  and j th elect rons is r#y. 
The d is tance between the ath  nucleus and the bth  nucleus is r ab. The 
Laplacian opera tors  V j2 and V a2 involve d i f fe rent ia t ion wi th respect  to 
the coord inates  of  the /th elect ron and ath nuc leus .101 The wavefunc t ion  
4*, is a mathemat i ca l  descr ip t ion of the e lect rons and nuclei  as 
calcu la ted f rom quantum physics pr inciples.  T  in i tsel f  has no physical
s i gn i f i cance and has a convers ion factor  to SI uni ts of  a D 
2.5978« 1 0 15 r r f3'2.101
- 3 /2 or
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Fig. 68. A many bodied Hami l tonian. 101
The Born in terpreta t ion of V was to cons ider  that  it was related to the 
probabi l i t y  of an e lect ron in a given volume of space.  However ,  as 4* has 
real  and imaginary  (complex)  resul ts,  the probabi l i t y  of  an e lect rons 
posi t ion must be related to l ^ l 2. If an inf in i te volume of space f rom - 
° °< x ,y ,z <  + «> is cons idered,  the elect ron must  be in that  space,  so 4* 2 can 
be considered to be un i t y . 104 The Hami l tonian opera tor  is hermi t ian;  H =
|2| 1 °5
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E = = fy  HV dr = < MHHIMJ>
I W d r  < V | V >
T h e  V a r ia t io n a l  P r in c ip le  s ta te s  that  any  a p p ro x im a te  w a v e  funct ion  has  
an e n e rg y  a b o v e  or eq u a l  to the exa c t  ground s ta te  e n e r g y . 106 A proof  
re la t ing  the S c h r o d in g e r  e q u a t io n  and e n e rg y ,  shows that  even  an 
a p p ro x im a t e  w a v e  func t ion  will a lso  h av e  an en e rg y  a b o v e  or eq u a l  to 
the e x a c t  g r o u n d -s ta t e  e n e rg y  of a c a lc u la te d  s y s t e m . 107 T h e re  a re  a 
n u m b e r  of s o lu t ion s  to the S c h r o d in g e r  e q u a t io n  from a l lo w ed  
w a v e fu n c t io n s  (V),  and so lu t ions  w h e r e  the  e n e rg y  is a m in im um  for  an 
a l lo w e d  solut ion  of  the w a v e fu n c t io n  is the ground s ta te  e n e rg y  of a 
m o le c u la r  sys tem  and this is o f ten  the only so lut ion  d e s i re d .  As nuc le i  
are  vas t ly  h e a v ie r  than e le c t ro n s ,  n u c le a r  v e lo c i t ie s  a re  much s lo w e r  
re la t iv e  to e le c t r o n s .  T h is  a l lo w s  the e n e rg y  to be s e p a r a t e d  into two  
te rm s ,  an e le c t r o n ic  te rm  tha t  is so lved  with  a p p ro x im a t io n s  of the  
S c h r o d in g e r  e q u a t io n  and a n u c le a r  te rm ,  which d e s c r ib e s  the n u c le a r  
w a v e  funct ion .  Th is  is re fe r re d  to as the B o r n - O p p e n h e im e r  
a p p r o x im a t i o n . 108 If R d e n o te s  n u c le a r  pos it ion  and r e le c t ro n ic  posit ion  
then the fo l low ing  a p p ro x im a t io n  m ay be m a d e . 108 Thus  c o m p u ta t io n a l  
ch e m is ts  a re  c o n c e r n e d  with solv ing V  for  e le c t ro n ic  w a v e fu n c t io n s .
H (R )4 M R ,r )  = E#(R)MMR,r) , w h e r e  / = 1 , 2 ,3 ,4 . . .00
W h e r e  d i f fe re n t  w a v e  func t io ns  V  are  d e s ig n a te d  as / and j  the so lu t ions  
can be chosen to be o r th o g o n a l  ( m a th e m a t ic a l ly  d is t inc t  f rom each  
o th e r )  and n o rm a l is e d  (s a t is f ie s  b o u n d a ry  con d i t io n ,  norm a l ly  \W§2| and  
|4l y2| a d ju s ted  to un i ty ) ,  this y ie lds  o r th o n o rm a l  so lu t ions .
oo
^  ( o ( a / ( R > r )  =  ^  ^ n o c / e a r (  R )  ■ V  e l e c t r o n i c {  R>  r )  
i =  1
Using the a d ia b a t ic  so lu t ion ,  /V  dr, which  is o f ten  wr i t ten  as <4, |'P> in 
D irac  nota t ion ,  can be n o rm a l is e d  to unity .  Inc lusion of  the Pauli  
e xc lus ion  pr inc ip le  and the  A u fb a u  p r in c ip les  a l low s d es cr ip t ion  w h e r e  
all e le c t ro n s  h av e  u n ique  q u a n tu m  n u m b e rs  and the e le c t ro n s  are  
in d is t in g u is h a b le ;  none  of the  q u a n tu m  n u m b e rs  for  the e le c t ro n s  a re
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equa l  and e le c t r o n s  pa ir  up with o p p o s i te  sp ins,  the  so lut ion  of M* is 
res t r ic ted  for c losed  shell  s y s t e m s . 109,110 So if an e lec t ro n  c h a n g e s  sign  
then so must  the  so lu t ion ,  th is m e a n s  V  is a n t is y m m e t r ic .  T h e  a l lo w ed  
a n t is y m m e t r ic  so lu t ion  to 41 can be d e r ived  using S la t e r  D e te r m in a n t s  for  
N e le c t ro n s  and  N s p i n o r b i t a ls . 111
* 1 (1)  $ 2 ( 1 )  $ 2 ( 1 )  $ 4 ( 1)  ..............
<|>1(2) $ 2 ( 2 )  $ 2 ( 2 )  $ 4 ( 2 )  ..............
4* ( r )  = _ 1 ___ <j)1 (3 )  $ 2 ( 3 )  <t>3(3) $ 4 (3 )  ..............
VN! 4> 1 (4)  $ 2 ( 4 )  $ 2 ( 4 )  $ 4 ( 4 )  ..............
<j>1(5) <t>2(5) $ 2( 5 )  ()>4(5) ..............
4>1(6) <f>2(6) 4)3(6) 4>4(6) ..............
$ 1 ( N)  $ 2 ( N )  $ 2 ( N )  $ 4 ( N )  ............
Fig.  69 .  A S l a t e r  d e t e r m i n a n t . 111
W h e r e  <<J)/|<J>y> = 6/y or K r o n e c k e r  d e l t a . 112 T h e  K r o n e c k e r  de l ta  funct ion  
is par t  of l in e a r  a lg e b r a  that  a l lo w s  m atr ix  e le m e n t s  to be m a n ip u la te d  
and e ig e n v e c t o r s  and e i g e n v a lu e s  to be c a lc u la te d .  W h e n  i=j ,  then  6/y=1 
and w h e r e  i t j ,  then  6/y=0.
Even with the  res t r ic t ions  and a p p ro x im a t io n s  a l r e a d y  m a d e ,  it is 
im p o ss ib le  to so lve  for  a m any  e le c t r o n  w a v e  func t io ns  as shown in 
f igu re  68 .  A s e l f -c o n s is te n t  f ie ld  ( S C F )  a p p ro x im a t io n  is used to r e p la c e  
the m any  e le c t ro n  H a m i l to n ia n  with a m any  o n e -e le c t r o n  H a m i l to n ia n .  In 
the  S C F  p r o c e d u r e ,  each  e le c t ro n  no lo n g e r  in te ra c ts  with o ther  
e le c t ro n s ,  but with  an a v e r a g e  f ie ld  p ro d u c e d  by the  o th e r  e le c t ro n s .
T h e  co lum ns in the S la t e r  d e t e r m in a n t  a re  s ing le  e lec t ro n  w a v e  
func t io ns ,  o rb i ta ls ,  whi ls t  the e le c t r o n  c o - o r d in a t e s  a re  a long  the rows.  
T h e  o n e -e le c t r o n  func t io ns  upon so lv ing  the S c h r o d in g e r  e q u a t io n  thus  
b e c o m e  m o le c u la r  o rb i ta ls ,  M O .  T h e s e  M O 's  are  g iven  as a p rodu ct  of a 
sp a t ia l  orb i ta l  and a spin funct ion  w h e r e  a Sp/n=T anc* Psp//7= |  for  e lec t ron  
spins .  T h e  o rb i ta ls  a re  e x p a n d e d  into a bas is ,  co m p o s e d  of m a th e m a t ic a l  
fu nc t io ns .
<|>N (1)  
■4>N(2) 
■4>N(3) 




$ H ( N )
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N
<j>/ = Z CviXv and hence |4J(r)> = |<j>t<|)2<1>3<1>^--$n> and E = <4J( r ) |  H| V ( r ) >  
H = 1
Where CVi are the molecu lar  orbi tal  expansion coef f i c ients .  The arb i t ra ry  
basis funct ions are Xm a n d  Xi to  Xn are chosen to be normal ised and <j>* to 
<j)a/ are arb i t rary  mo lecu lar  orbi tals.  Many sof tware packages use 
gauss ian funct ion to descr ibe gauss ian- type atomic funct ions.  Any 
func t i ons  may be used,  but gaussian funct ions are popular  and some 
packages use S later  funct ions.
g ( a , r ) = C . x n. y m. z ' . e x p ( - a r 2) and l [ g ( a , r ) ] 2 di  = < g |g >  =1
The constant  a,  determines  the size of the funct ion,  so a r 2 is the radial  
extent ,  and r is a vector  composed of  x, y and z components .  For 
gaussian funct ions,  e ' ar2, C is a constant  and depends upon a, n, m and 
I . 113 Pople der ived values for basis funct ion constants  by energy 
min imisat ion to yield var ia t ional  energ ies .114
y
9s(a,r) = (2a/n)314 J af2)
Fig. 70. Atomic orbi tal  funct ion expressed as pr imi t i ve gaussian
fun c t i ons .115
Pr imi t i ve gaussian funct ions descr ibe the atomic funct ions,  so an s- type,  
Py-type and dxy- type funct ions for  example are shown above in f igure 70. 
Linear  combina t i ons  of  the pr imi t i ve gauss ian funct ions are used to form 
the actual  basis func t i ons  used dur ing the calcu la t ion,  and form 
cont racted basis funct ions.  This is analogues to the method LCAO.116 So 
for  a set of K known basis funct ions {<j>M( r ) |p  = 1 , 2 , 3 . . . K }  and / = 1 , 2 , 3 . . . K
gpy(a.r) = (128a5/7t3)1/4 y i ar2) gdxy(a,r) = (2048a7/7t3)1/4 x .y iar2)
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K K
Xm = I  di i p. Qpr / m and as <J>/ = ]F Cv/ Xm and so <j>/= X  ®v/ ■ ( Z  d p p . g p n m)
p M M  p r i m
Th e  co n t ra c te d  bas is  fun c t io n s  con ta in  c o n s ta n ts  d MP, which a re  f ixed  
c o n s ta n ts  w ith in  a bas is  set .  T h e  o v e r la p  b e tw e e n  o rb i ta ls  is c a lc u la te d  
using S pv in te g ra ls  and the e le c t r ic  f ie ld  and e le c t ro n  in te ra c t io n s  are  
c a lc u la te d  with F MV in te g ra ls .  T h e  prob lem  now b e c o m e s  how to f ind a 
solu t ion  for  the se t  of  m o le c u la r  orb i ta l  e x p a n s io n  c o e f f ic ie n ts  C v/, so 
tha t  the en e rg y  is a m in im um ,  a so lu t ion  c o r re s p o n d in g  to d t j l d c v/ =0
N
X (Fpv*C(-Spv) c vi ~ 0 p = 1 , 2 , 3  —  N 
v = 1
T h e  H a r t r e e - F o c k  e q u a t io n s  m a y  then  be w r i t te n  as a set  of m a t r ic e s  
using R o o t h a a n - H a l l  no ta t ion ,  w h e r e  each  e l e m e n t  is a m a t r i x . 117 T h e  
m atr ix  e le m e n t  £ is a d iag o n a l  m a tr ix  of orb i ta l  e n e rg ie s  eac h  of its 
e le m e n t s  £,• is the  o n e -e le c t r o n  orb i ta l  e n e rg y  of  the m o le c u la r  orb i ta l  <(>/.
FC = SCs
£11 £12 £13.. Si 0 0... ..........0C21 C22 C23.. ............£2K 0 e2 0... ..........0C31 C32 C33..
■ ■ ■
..c3K 8 = 0 0 e3... ..........0
■ ■ ■Ck1 Ck2 CK3.. ..cKK OOO'........... ek
C is a KxK square matrix of the expansion rii , ,
coefficients C £ is a diagonal matrix of the orbital
ul energies, Sj
T h e  bas is  func t io ns  are  not g e n e r a l l y  o r th o n o rm a l  to each  o th e r  and thus  
o v e r la p  with a m a g n i tu d e  0<  S MV £ 1 .  T h e  d ia g o n a l  e le m e n t s  of  the  S 
o v e r la p  m atr ix  a re  unity  and o f f -d ia g o n a l  e l e m e n t s  in S are  less  than  1.
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<ty
^  4\iO)4*vO) dr^v
orbitals overlap 
overlap element 
in S is near unity
orbitals are orthogonal 
overlap element in S is 0
orbitals partially overlap, 
overlap element 0<S<1 
semi-empirical calc: uses parameters 
ab initio calc: overlap is calculated.
Fig. 71. Orbi tal  over lap terms are held in the S matr ix.
The opera tor  f (1 ) ,  is a one-e lect ron operator ,  a set of one-e lec t ron 
funct ion def ines a matr ix representa t ion of  this operator ,  which 
represents  the f i rst  der i vat i ve of  the e lec t ron ic  energy wi th respect  to 
var ia t ions in the o r b i t a l s . 118. The matr ix e lement  F is the Fock matr ix 
and represents  the average ef fects of the f ield of all the e l ec t rons  on 
each orbi tal .  For a c losed shel l  system the Fock matr ix e lements  is as 
f o l l o w s119
C is matr ix that  holds the C vi e lements that  need to be solved for.  The 
HcorrMV Hami l tonian matr ix represents the energy of a s ingle e lect ron in 
the f ield of bare nuclei ,  no elect ron cor re lat ion energy inc luded and 
descr ibes the k inet ic  energy and nuclear  a t t rac t ion of an e l e c t r on .119 
The < p v | A a >  term is a four  cent re integral  over  the cent res p, v, A and 
a ,  which represents  the two-elect ron repuls ion integral  and each 
elect ron interacts wi th all other  e lec t rons in an average f ield and there 
is no i ns tantaneous e l ec t ron-e lec t ron i nteract ion calcu la ted.  As there is 
a large number  of two-e lec t ron integrals,  the evaluat ion and 
manipu la t ion of the <pv|A<j> is the major  d i f f i cu l t y  in Har t ree-Fock  
ca lcu la t ions.  For a basis set of size K, <pv|A<j> r ises in propor t ion to 
( K 4) /8 .  For instance for  a basis set of size K = 1 0 0 ,  there are 12753775
N N
FpV = H coreMV + £  I  Pa a [ < p v | A a > - 1/2< p v | A a > ]  
A= 1 a  = 1
< Mv |A o >  = J<|>M*(1) <t>v(1 )^12'1 <t>A*( 1) <M1) d r , d r 2
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un ique  tw o -e le c t r o n  in te g ra ls .  T h e  e f fe c ts  of e l e c t r o n - e le c t r o n  
i n te ra c t io n s  a re ,  in g e n e r a l ,  ca l led  "e lec t ron  c o r r e l a t io n " . 120
o c c u p i e d = N / 2
P MV =  2  £  C f j j C y j *
/ =  1
T h e  m atr ix  e l e m e n t  P is the den s i ty  m atr ix .  T h e  c o e f f ic ie n ts  are  s u m m e d  
ove r  al l the  o c c u p ie d  orb i ta ls  only and the f a c t o r  of 2 is n e e d e d  as eac h  
orbi ta l  in a c losed  shell  sys tem  hold 2 e le c t r o n s  with  oppos ing  spins  
Otspin(T) s r id  P s p i n  U ) .
All the  m atr ix  e l e m e n t s ,  F,  H ,  P ,  £ and S d e p e n d  upon the m o le c u la r  
orb i ta l  e x p a n s io n  c o e f f ic ie n ts  CVi, held in m atr ix  e le m e n t  C, so an 
i t e ra t iv e  cycle  is used to so lve  the prob lem  and f ind CVi va lu e s  tha t  
r e p r e s e n t  an e n e r g y  m in im um .  T h e  p r o c e d u r e  is d e s c r ib e d  as a s e l f -  
c o n s is te n t  f ie ld  ( S C F )  m ethod .  T h e  so lu t ion  p ro d u ced  is a set  of o rb i ta ls ,
both occ up ied  (<j> and v ir tua l  or u n o c c u p ie d  orb i ta ls  (<J>a,<|>/>........)■ The
tota l  n u m b e r  of o rb i ta ls  p rodu ced  is e q u a l  to the  to ta l  n u m b e r  of bas is  
func t io ns  used.  T h e  e n e rg y  E is then c a lc u la t e d  from the fo l low ing  
e x p r e s s i o n . 121
N
E = % I  I  P„v  ( H cor\ v + F „ . )  =  < V ( r ) |  H |  f ( r ) >
M v
T h e  ove ra l l  s c h e m e  for  m in im is ing  a s e l f - c o n s is te n t  f ie ld  c a lcu la t io n  is 
shown be low  in f ig u re  72 .
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H ¥  = E*P
14*= single determinantIlartree Fock equations
(Roothaan-llal! equations for closed shell 
systems)
Main integrals are 
neglected or treated as 
empirical parameters
Single determinant 
methods; all integrals are 
evaluated rigorously
Semi-empirical methods,
e.g. MIN DO, A M I, PM3 and PM5
Ab initio methods,
e.g. I IF* B3LYP, MP2 and QCISD
Fig. 72 .  G e n e r a l  s c h e m e  for c o n v e r g e n c e  of  a w a v e - fu n c t io n  using s ingle
d e t e r m i n a n t s . 122
T h e  c o m p u ta t io n a l  cost  of pe r fo rm in g  H a r t r e e - F o c k  c a lc u la t io n s  s c a le s  
to the fourth  p o w e r  of  the n u m b e r  of  bas is  fu n c t io n s .  Th is  is r e d u c e d  
h o w e v e r ,  with S e m i - e m p i r i c a l  c a lc u la t io n  m eth o d s ,  such as M N D O ,  A M 1 ,  
P M 3  and P M 5 . 123,124 T h e  core  a s s u m p t io n  of  s e m i -e m p i r i c a l  m e th o d s  is 
the  Z e r o  D i f fe re n t ia l  O v e r la p  ( Z D O )  a p p ro x im a t io n .  T h e  Z D O  
a p p ro x im a t io n  n e g le c ts  al l p rodu cts  of bas is  fun c t io n s  d e p e n d in g  upon  
the  s a m e  e lec t ron  c o -o r d in a te s  w hen  lo c a te d  on d i f f e r e n t  a t o m s . 125 This  
a p p ro x im a t io n  a l lo w s  the c a n c e l la t io n  of m any  m u l t i -c e n t re  e le c t ro n  
i n te g ra ls  in the o f f -d ia g o n a l  e le m e n t s  in the o v e r la p  m atr ix  S. To re p a i r  
the  d e f ic ie n c ie s  due to the n u m b e r  of a p p ro x im a t io n s ,  p a r a m e te r s  a re  
in t rod uced  in p lace  of som e in te g ra ls .
H a r t r e e - F o c k  c a lc u la t io n s  are  a lso  of ten  r e fe r re d  to s e l f -c o n s is te n t  f ie ld  
( S C F )  c a lc u la t io n s  due  to the p r e s e n c e  of  an a v e r a g e  e le c t r ic  f ie ld .  With
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su i ta b ly  la rge  bas is  fu nc t io ns ,  the H a r t r e e - F o c k  w a v e  funct ion  wil l  
a c c o u n t  for - 9 9 %  of  the  tota l  e n e rg y  of a m o le c u la r  sys te m .  H o w e v e r  the  
re m a in in g  - 1 %  is o f ten  cr i t ica l  for  d es cr ib ing  the e n e rg y  of m o le c u la r  
s y s te m s ,  for in s ta n c e  the d i f f e r e n c e  in e n e rg y  b e tw e e n  two  
co n fo rm a t io n s  of  the  s a m e  m o le c u le .
T h e  d i f f e r e n c e  in e n e rg y  b e tw e e n  H a r t r e e - F o c k  resu l ts  and the low est  
p os s ib le  e n e rg y  in a g iven  bas is  set  is ca l led  the  e lec t ro n  c o r re la t io n  
e n e r g y . 126 E n e r g ie s  c a lc u la te d  with  H a r t r e e - F o c k  m eth o d s  are  
v a r ia t io n a l ,  the  e x a c t  e n e rg y ,  even  if e x te n d e d  to the H a r t r e e - F o c k  l imit  
by using a la rge  bas is  set ,  wil l a lw a y s  be a l i t t le  bit low er  than that  
c a lc u la t e d ,  this is d u e  in part  to the fac t  s e r ie s  e x p a n s io n  c a lc u la t io n s  
will on ly  y ie ld  a p p r o x im a t e  so lu t ions .  Th is  is not an e x a c t  so lu t ion  to the  
S c h r o d in g e r  e q u a t io n ,  on ly  the best  s ing le  d e t e r m in a n t  so lut ion .
5 .3 .  Hybr id  D e n s i ty  F u n c t io n a l  T h e o ry .
D e n s i ty  fu nc t io na l  th e o ry  ( D F T )  m e thods  a re  a t t r a c t iv e  to c o m p u ta t io n a l  
ch e m is ts  as they  a t te m p t  to a cc o u n t  for  the e f fe c t  of e lec t ron  
co rre la t io n ;  e le c t r o n s  in m o le c u la r  sys tem  reac t  to one a n o t h e r ’s 
motions  and a t te m p t  to avo id  each  o ther .  D e n s i ty  fu nc t io na l  theory  uses  
a d i f f e r e n t  a p p ro a c h  to tha t  app l ied  in H a r t r e e - F o c k  ( H F )  c a lc u la t io n ,  
in s tead  of  so lv ing the  S c h r o d in g e r  e q u a t io n ;  H o h e n b e r g -K o h n  e q u a t io n s  
are  so lved  to p ro v id e  so lu t ions  of  the low est  ground s ta te  e lec t ron  
d e n s i t y . 127 T h e  to ta l  n u m b e r  of e le c t ro n s ,  N, is r e la te d  to the tota l  
e le c t ro n  d en s i ty ,  p. If r is a d is ta n c e  v e c to r  then ,  in te g ra t io n  o v e r  all 
sp a c e  g ives
N= Jp(r) dr
As N is the n u m b e r  of e le c t ro n s ,  the d e n s i ty  for  a S l a t e r  d e te r m in a n t  is 
used,  which is the e x a c t  e ig e n fu n c t io n  for the n o n - in te r a c t in g  s ys te m ,  
e l e c t r o n - e le c t r o n  c o r re la t io n  is ignored ,  w ith in  o rb i ta ls  <|>. As the  
e le c t r o n ic  e n e rg y  is re la te d  to the tota l  e le c t r o n ic  den s i ty ,  it is h en ce  
re la te d  to o c c u p ie d  o rb i ta ls ,  <J>j.
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NP ( r )= ^ 1<(l)il(l)i> a n d  H j K S . <|) i =  E j .  <()i
T h e  K o h n - S h a m  H a m i l to n ia n  is HjKS and a l lo w s  the v a lu e  of the o rb i ta ls  
<|>i tha t  m in im ise  the  e n e rg y  to be c a lc u la te d ,  y ie ld ing  p s e u d o ­
e ig e n v a lu e s ,  £j. T h e  K o h n - S h a m  m ethod  can p rov ide  so lu t ions  to the  
H o h e n b e rg  Kohn e q u a t io n .  To d e t e r m in e  the  K o h n -S h a m  o rb i ta ls ,  a 
s im i la r  a p p ro a c h  to S C F  p ro c e d u re s  is a d o p te d ,  w h e r e  the orb i ta l  § is 
e x p r e s s e d  with a bas is  set  of func t io ns  x and the ind iv idua l  orbi ta l  
c o e f f ic ie n ts  are  found  by so lv ing s e c u la r  e q u a t io n s  s im i la r  to th a t  used  
in H a r t r e e - F o c k  c a lc u la t io n s .
D F T  m e th o d s  c o m p u te  e lec t ron  c o r re la t io n  using fu n c t io n a ls  of  e lec t ron  
d en s i ty .  In 1 9 6 5 ,  Kohn and S h a m  s u g g e s te d  a p rac t ica l  w ay  to so lve  the  
H o h e n b e r g -K o h n  th e o r e m  for  a set  of  in te ra c t in g  e l e c t r o n s . 128 T h e i r  
s u g g e s t io n  was  tha t  the e x a c t  tota l  e le c t r o n ic  e n e rg y  (E) could be  
w ri t ten  as  sum of  te rm s ,  each  d e p e n d e n t  on the dens ity :
E= ET + Ev + Ej + Exc = E[p(r) ]
E j  is the  k ine t ic  e n e rg y  of a sys tem  of n o n - in te r a c t in g  e le c t ro n s  with  the  
s a m e  d en s i ty  as  the  real  sys te m .  Ev is the  p o ten t ia l  e n e rg y  term due to 
the  in te ra c t io n s  of the  e le c t ro n s  with an e x te rn a l  po ten t ia l  ( ty p ic a l ly  due  
to the  in te ra c t io n  of the e le c t ro n s  with  the n uc le i ) .  Ej is the  e le c t r o n -  
e lec t ro n  repu ls ion  term;  is a lso  known as  the  H a r t r e e  e le c t r o s ta t ic  
e n e rg y ,  which a r is e s  from the c lass ica l  in te ra c t io n  b e tw e e n  two ch a rg e  
d e n s i t ie s .
Exc a c c o u n ts  for  the d i f f e r e n c e  b e tw e e n  c lass ica l  (c o u lo m b ic )  and  
q u a n tu m  m e c h a n ic a l  e le c t r o n - e le c t r o n  rep u ls io n .  Exc a lso  in c ludes  te rm s  
tha t  a c c o u n t  for  the  d i f f e r e n c e  in k ine t ic  e n e rg y  b e t w e e n  the f ic t ious  
n o n - in te r a c t in g  s y s te m  and ET in the real  sys te m .  Exc r e p r e s e n ts  both 
the  q u a n tu m  m e c h a n ic a l  e x c h a n g e  e n e rg y ,  which ac c o u n ts  for e lec t ro n  
spin,  and the d y n a m ic  c o r re la t io n  e n e rg y  due  to the  c o n c e r te d  mot ion of  
ind iv idu a l  e l e c t r o n s . 120 C las s ic a l  a n a lo g ie s  for Exc do not ex ist .
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T h e  c o r re la t io n  e n e rg y  in w a v e  m e c h a n ic s  is d e f in e d  as the  d i f f e r e n c e  
b e t w e e n  the e x a c t  e n e rg y  and the c o r re s p o n d in g  H a r t r e e - F o c k  v a lu e .
T h e  e x c h a n g e  e n e r g y  is the tota l  e l e c t r o n - e le c t r o n  repu ls ion  minus the  
c lass ica l  c o u lo m b ic  e n e rg y .  T h e  de f in i t io n s  of c o r re la t io n  and e x c h a n g e  
e n e r g ie s  in D F T  a re  s h o r t - ra n g e  ( lo c a l )  and re la te d  to e lec t ro n  de n s i ty  
at a g iven  point  and in the  i m m e d ia t e  v ic in i ty ,  via d e r iv a t iv e s /g r a d ie n t s  
of the e lec t ro n  den s i ty .
T h e  B 3 L Y P  m ethod  in c ludes  the H a r t r e e - F o c k  te rm s  and e lec t ron  
c o r re la t io n  and e x c h a n g e  te rm s ,  d e r iv e d  from m ode l l ing  an e le c t r o n -g a s ;  
a f ic t i t ious  s u b s ta n c e  ca l led  je l l iu m ,  in which the e le c t r o n ic  d is t r ibu t ion  
has a co n s ta n t  n o n -z e r o  d e n s i t y . 129 R e la t in g  the uni form e lec t ro n  gas  
p r o p e r t ie s  with e n e r g y  does  not m ean  tha t  the e n e rg y  e x p re s s io n  is 
e q u iv a le n t  to a s s u m in g  tha t  the e le c t ro n  den s i ty  of  the m o le c u le  is a 
co n s ta n t  th ro u g h o u t  s p a c e .  T h e  local  spin d en s i ty  a p p ro x im a t io n ,  LS D A ,  
a s s u m e s  that  the e x c h a n g e - c o r r e la t i o n  e n e rg y  de n s i ty  at  e v e ry  posit ion  
in s p a c e  for  the m o le c u le  is the s a m e  as it would  be for the uniform  
e lec t ro n  gas ,  hav ing  the s a m e  e le c t ro n  den s i ty  as  found in that  pos it ion .
T h e  B 3 L Y P  m ethod  is known as hybrid  den s i ty  fu n c t io n a l  th eo ry  m ethod ,  
most ly  a m ethod  b a s e d  upon pure  D F T  and c o n ta in ing  H a r t r e e - F o c k  S C F  
c o m p o n e n ts .  T h e  B 3 L Y P  e n e rg y  te rm  has the form of:
E xc 831- ’" ’ = ( 1 - a ) E xLS04 + a E xHF + bAEx8 + (1 -c )E cLSIM + c E cLYP
Ex t e rm s  are  e x c h a n g e  e n e rg y  te rm s .  Ec te rm s  a r e  e lec t ro n  den s i ty  
g r a d ie n t  co r rec t ion  te rm s .  T h e  th re e  p a r a m e te r s  a, b and c w e re  chosen  
to be 0.20, 0.72 and 0.81 r e s p e c t iv e ly .  T h e  n am e  B 3 L Y P  im p l ies  it is a 
3 - p a r a m e t e r  m ethod  tha t  inc ludes  e n e rg y  co r re c t io n s  re la te d  to the  
e lec t ro n  den s i ty  g r a d ie n t  ( G G A )  and  the c o r re la t io n  funct ion  B der ived  
by B e cke .  Th e  fu n c t io n a l  LYP w as  d e s ig n e d  to c o m p u te  the full 
c o r re la t io n  e n e rg y  and is not a co r re c t io n  to the L S D A  a p p ro x im a t io n .  Of  
all the m odern  fu n c t io n a ls ,  B 3 L Y P  has  proven  to be the most  p o p u la r  to 
d a te .  Its overa l l  p e r f o r m a n c e  is r e m a r k a b ly  good,  e s p e c ia l l y  as the th ree  
p a r a m e te r s  w e re  not o p t i m i s e d . 130
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T h e  key  d i f f e r e n c e  b e tw e e n  D F T  and H a r t r e e - F o c k  theory  is tha t  D F T  in 
its d e r iv e d  form is e xa c t .  S h ou ld  the e x c h a n g e  e n e rg y ,  E x, be known as  
a func t io n  the  e le c t ro n  d en s i ty  then an e x a c t  so lut ion  resu l ts .  H o h e n b e rg  
and Kohn p roved  tha t  a fu nc t io na l  of  the den s i ty  must  ex is t ,  h o w e v e r  
th e re  is no g u id a n c e  to an e x a c t  m a t h e m a t ic a l  re la t io n s h ip .  So the  exa c t  
form of the fu n c t io n a ls  used in D F T  are  unknow n ,  m any  a p p ro x im a t io n s  
and p a r a m e t e r s  a re  used .  Th is  does  m ean  tha t  D F T  c a lc u la t io n s  tha t  
inc lude  E xc g ive  resu l ts  tha t  a re  not s tr ic t ly  v a r ia t io n a l .  T h e  hybrid  
B 3 L Y P  m eth o d  d o e s  not g ive  v a r ia t io n a l  resu l ts .  It is worth  not ing tha t  
H a r t r e e - F o c k  c a lc u la t io n s  can be v ie w e d  as being s im i la r  to B 3 L Y P  
c a lc u la t io n  w h e r e  E x and E xc=0 .
S o m e  g r a d ie n t  c o r re c te d  m ethods  ( G G A ) ,  such as B88  e x c h a n g e  and  
LY P c o r r e la t io n ,  con ta in  p a r a m e te r s ,  which a re  f i t ted  to g ive  the  best  
a g r e e m e n t  with e x p e r im e n t a l  a to m ic  d a ta .  T h e  s e m i -e m p ir i c a l  m ethod  
P M 3  has 18 p a r a m e t e r s  for  each  a tom  w hi ls t  B 88  e x c h a n g e  fu nc t io na l  
c o n ta in s  a s in g le  f i t t ing co n s ta n t  va l id  for the w h o le  of the p er iod ic  
t a b l e . 132 O th e r  fu n c t io n a ls  such as P B E 1 P B E ,  a lso  known as P B E O ,  the  
e x c h a n g e  and co r re la t io n  fu n c t io n a ls  a re  th e o re t ic a l  in d e r iv a t io n .  133
T h e  im p o r ta n c e  of  e lec t ro n  co r re la t io n  e n e rg y  m ay be i l lu s t ra te d  by 
con s id e r in g  h e l iu m ,  a s im ple  2 e lec t ron  sy s te m .  T a k in g  a c a lc u la t io n  to 
the  HF S C F  l imit ,  which is c o n v e rg e d  with re s p e c t  to the b a s is - s e t  s ize  
for  the n u m b e r  of d ig its  re p o r te d ,  g ives  an e n e rg y  of - 2 . 8 6 1 6 8  a .u .  for  
h e l i u m . 134 T h e  e x a c t  e n e rg y  rep o r ted  for  he l ium  is - 2 . 9 0 3 7 2  a . u . 135 The  
d i f fe r e n c e  of 0 . 0 4 2 0 4  a .u .  is e q u iv a le n t  to 2 6 . 3 8  kcal mol"1. At room  
t e m p e r a t u r e ,  2 9 8  K, a c h a n g e  of 1 .4  kcal mol"1 in f re e  e n e rg y  of a 
reac t ion  will  a l t e r  an equ i l ib r ium  c o n s ta n t  by an o rd e r  of m a g n i tu d e .  
S im i la r ly ,  a c h a n g e  of  1 .4  kcal m o l ' 1 for a r a te -d e te r m in in g  f re e  e n e rg y  
of a c t iva t io n  wil l c h a n g e  the ra te  of reac t io n  by an o rd e r  of  m a g n i tu d e .
A s im i la r  s c h e m e  as tha t  shown in f igure  72  is used to c o n v e r g e  a w a v e -  
funct ion  for  D F T  i te ra t ion  s c h e m e ,  h o w e v e r  th e re  are  som e im p o r tan t  
d i f f e r e n c e s . 131 In the  K o h n -S h a m  p ro c e d u r e  the H a r t r e e - F o c k  e le m e n t s  
F mv a re  r e p la c e d  by the e le m e n t s  K MV.
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Fig. 73 .  F low char t  for K o h n -S h a m  S C F  p r o c e d u r e . 131
It should  be no ted  that  c o m p a r iso n  of e n e rg ie s  from ab initio 
c a lc u la t io n s  can be m a d e  using the re la t io n s h ip  tha t  1 a .u .  ( h a r t r e e )  is 
equ a l  to 6 2 7 . 5 0 9 5  kcal mol"1. T h e  B 3 L Y P / 6 - 3 1 + G ( d )  m ethod  has  been  
used e x t e n s iv e ly  in this thes is  and m ean  a b s o lu te  er ror  for e n e rg y  
c a lcu la t io n  from the  G2  tes t  set  is 5 .9  kcal  mol"1 with  a m a x im u m  e r ro r  of  
3 5 . 9  kcal m o l ' 1. 136 Errors  a s s o c ia te d  with AM1 c a lc u la t io n  a re  h igher ,  
with a m ean  a b s o lu te  e r ro r  of 1 8 .8  kcal m o l ' 1.137 T h e r e  is c o n s id e r a b le  
d e b a te  over  w h e t h e r  hybrid D F T  m eth o d s  are  s e m i -e m p i r i c a l  m e th o d s ,  
h o w e v e r  the e n e r g e t i c  resu l ts  of hybrid D F T  resu l ts  a re  s u p e r io r  to 
H a r t r e e - F o c k  c a l c u l a t i o n s . 130
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5.4.  Basis Functions and Basis-Sets
T h e  e le c t r o n ic  w a v e  funct ion  M1 is c a lc u la te d  c on s truc t ing  a w a v e  
e q u a t io n  tha t  is c o m p o s e d  of m any  s m a l le r  s im p le r  w a v e  func t io ns .  Th is  
m ethod  is a n a lo g o u s  to the m ethod  of L C A O ,  w h e r e  m o le c u la r  o rb i ta ls  
are  c o n s t ru c te d  from l in e a r  c o m b in a t io n  of a to m ic  o rb i ta ls .  Bas is  sets  
must be d e f in e d  as part  of an ab initio c a lc u la t io n .  T h e  unknown  
m o le c u la r  o rb i ta l ,  M O ,  which is being c a lc u la te d ,  is e x p a n d e d  into a set  
of m a th e m a t ic a l  func t io ns .  P o p le  bas is  se ts  a re  p o p u la r  and w e r e  
d e s ig n e d  from e n e rg y  m in im isa t io n  c a lc u la t io n s .
A 6 - 3 1 G  bas is  set  has six g a u s s ia n  fun c t io n s  to d e s c r ib e  the core  
e le c t ro n s  and four  to d e s c r ib e  the o u te r  v a l e n c e  e lec t ro n s :  th re e  
g a u s s ia n s  for the inner  v a le n c e  reg ion  and one  g a u s s ia n  for the d i f fuse  
o uter  v a le n c e  reg ion .  T h e  6 - 3 1 G  bas is  set  is a spli t  v a le n c e  set ,  dou b le  
z e ta  (2 func t io ns  for v a le n c e ) .  T h e  6 - 3 1 1G bas is  set  is a t r ip le  v a le n c e  
basis ,  se t  w h e r e  the core  o rb i ta ls  a re  a co n trac t io n  of six g a u s s ia n s  and  
the  v a le n c e  is spli t  into th ree  funct ions;  r e p r e s e n t e d  by th re e ,  one and  
one g a u s s ia n s  re s p e c t iv e ly .
P o la r is a t io n  func t io ns  are  of ten  a d d e d  to bas is  se ts .  For in s tan ce  a d 
funct ion  m ay  be a d d e d  to a 6 - 3 1 G  bas is  set  by using 6 - 3 1 G ( d ) ,  
s o m e t im e s  d e n o te d  as  6 - 3 1 G * .  In this thes is  the  6 - 3 1 + G ( d )  bas is  set  has  
been e x t e n s iv e ly  used and som e  use has  been  m a d e  of the 6-  
3 1 1 + G ( 2 d , p )  bas is  set  to im p ro ve  e n e r g e t ic  c a lc u la t io n s .  T h e  6-  
3 1 1 + G ( 2 d , p )  bas is  set  adds  2d fun c t io n s  to h e a v y  a tom s  and adds  a p 
funct ion  to hyd ro gen  a to m s .  T h e  + func t io n  is a d i f fuse  func t ion .
D i f fuse  func t io ns  are  norm a l ly  s- and p-  fu n c t io n s ,  n o rm a l ly  d e n o te d  by + 
sym bol .  A s ing le  + funct ion  m e a n in g  s-  and p- func t io ns  a d d e d  to h e a v y  
a tom s.  A ++ sym bol  m e a n s  add ing  s- and  p- funct ion  to h y d r o g e n ’s too.  
Litt le e n e r g e t ic  gain  is m a d e  by a d d ing  both + f u n c t io n s . 138 A n ion ic  
s p e c ie s  req u i re  that  ad d i t io n a l  fun c t io n s  be a d d e d  to bas is  sets  to 
im prove  the m a t h e m a t ic a l  t r e a tm e n t  o f  the  e le c t r o n ic  w a v e  funct ion  with  
a d d i t io n a l  e le c t ro n s  for  an ions .  Most  o f  the  c a lc u la t io n s  in this thes is
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were per formed on anions,  contain ing even numbers of elect ron.
Systems wi th even numbers of  e lect rons are closed shel l  sys tems and all 
the e lec t rons are pai red in the ground state,  having a mu l t i c ip l i c i t y  of 1.
A closed shel l  ( rest r i c ted)  ca lcu la t ion wi th B3LYP/6-31+G(d)  calcu lat ion 
on 2 -bromo-2 (me thy l - 3 -ox i r any l ) - p rop iona te ,  say M2, C/jHeBrCU and a 
charge of  -1 has 55 a spmT elect rons and 55 psPin 1 e lect rons,  is 
descr ibed by 236 basis funct ions and 431 pr imi t i ve gauss ian funct ions.
5.5. Impl ic i t  Solvat ion Methods
Laboratory  and process chemis t ry  normal ly  involves the use of  a suppor t  
so lvent  to aid mixing,  heat  t ransfer  and isolat ion of  chemica ls .  Gas 
phase or in vacuo ca lcu la t ions may provide a sui table s tar t ing point ,  
only the model  of interest  is examined,  no solvat ion added to the 
calcu lat ion.  However ,  most  ca lcu la t ions are too big to inc lude expl ic i t  
solvat ion molecules,  so impl ic i t  models are used to mimic solvat ion.  A 
pract ical  approach to calcu la te solvent  ef fects is to use a cont inuum 
solvent  model  or se l f - cons i s tent  react ion f ield (SCRF) methods.  The 
in teract ion between a solute molecule and the sur rounding d ie lec t r i c  is 
represented by a term V /n, that  is added to the gas-phase e lec t ron ic  
Hami l tonian opera tor  for  the mo lecu le .139
Dipole and Sphere Tomasi PCM model Isodensity model Self-consistent
[Onsager model] IPCM Isodensity model
SCIPCM
Fig. 74. SCRF models implemented wi thin Gauss ian98A.6  so f t wa r e .140
107 J. J. Robinson, Ph.D. Thesis. 2005
In the  O n s a g e r  m ode l ,  w h e r e  a 03 is the  s p h er ica l  cav i ty  rad ius  in the  
s o lv e n t ,  p is the d ipo le  m o m en t ,  g is the  reac t ion  f ie ld ,  and so for  the  
O n s a g e r  d ipo le  S C R F  m ethod  the V /fIf term is 141
V,nf= -g.|J.<<Pl Ml ¥ >  and g = 2 [ ( e-1 ) / ( 2 e+ 1 ) ] a D'3.
T h e  e le c t r o s ta t ic  c o m p o n e n t  of  f re e  e n e rg y  of  so lva t ion  is g iven b y 141
A G eiectrostatic — [ ( £ - 1  ) / ( 2 £ + 1 ) ]  . (  |J I 3 0 )
In the  p o la r iz e d  con t inuum  mode!  ( P C M ) ,  s o m e t im e s  re fe r re d  to as  D-  
P C M  m ethod ,  of T o m a s i ,  the cav i ty  is stil l r e - d e f in e d  but t re a te d  more  
re a l is t ic a l ly  as in te r lock ing  a to m ic  s p h e r e s  in which each  nuc leu s  is 
s u rro u n d e d  by a s p h e re  of rad ius  1 .2  t im es  the van der  W a a ls  rad ius  of  
tha t  a tom .  T h e  cav i ty  is the v o lu m e  o cc u p ied  by th e s e  o v e r la p p in g  
a to m ic  s p h e re s .  T h e  ca lcu la t io n  of e n e rg y  is co m p o s e d  of two cyc les ,  an 
in it ia l  gas  p h a se  S C F  ca lcu la t io n  and then  a con t inuum  S C F  c a lc u la t io n ,  
inc lud ing  d ipo le  and e le c t r o s ta t ic  te rm s .  T h e  e f fe c t  of the  so lven t  
con t in u u m  is r e p r e s e n te d  n u m e r ic a l ly ,  sm al l  t e s s e r e a  surround the  
so lu te .  T h e  d ipo le  of the so lu te  induce s  a d ipo le  in the con t inuum  
m e d iu m ,  the e le c t r ic  f ie ld induced  by the  so lven t  d ipo le  in turn in te ra c ts  
with so lu te  d ipo le  this lead ing  to net  s ta b i l i s a t io n .
T h e  f re e  e n e rg y  of the so lu te  is c o m p o s e d  of  a te rm s  re la t ing  to the  
s o lu t e - s o lv e n t  in te ra c t io n s  and so lu te  t e r m s . 141
A G Solvation = A G Cavity *  A G v D W  *  AGeiectrostat ic
A G cavity is the e n e rg y  to c r e a te  the cav i ty .  Th is  is e n d o th e r m ic ,  re q u i re s  
e n e rg y  and p rov ides  a d e s ta b i l is in g  co n tr ib u t io n .  A G v d w  is the  
d is p e rs io n ,  m ain ly  van der  W a a ls ,  e n e r g y  b e tw e e n  so lven t  and so lu te .  
Th is  e n e rg y  con tr ibu t ion  is e x o th e rm ic  and p rov ides  s tab i l is ing  
co n tr ib u t io n .  A G eiectrostatic is the e f fe c t  on the so lu te  due  to the m ed ium .  
T h e  m ed ium  is p o la r iz e d  b e c a u s e  of the  so lu te  e lec t r ic  ch a rg e  
d is t r ibu t io n .  This is a n o th e r  e x o th e rm ic  te rm  and p rov ides  a s tab i l is ing  
con tr ib u t io n .  T h e  im a g e s  shown in f ig u re  75  i l lus t ra te  how a p robe  is
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used to bui ld up the impl ic i t  solvent  envelope and the rhs image was 
rendered f rom Hy pe rChem5 .01, coloured by part ial  charge,  in an at tempt  
to i l lust rate the “ t esse rae ” used in a PCM calculat ion.
Solvent probe sphere
van der Waal surface
/ *
Solvent excluded surface
Fig. 75. A probe is used to const ruct  the solvent  access ib le  sur face.
(F2 used)
The PCM (D-PCM),  CPCM and COSMO method const ruc t  an envelope 
around a solute and the SCF calcu la t ion is per formed wi th inc lusion of 
the energet i c  cont r i bu t i ons  the cont inuum envelope.  In Gauss ian98A .6, 
the PCM and CPCM methods per forms two SCF cycles,  in i t ia l l y  a solute 
SCF calcu la t ion then a second SCF calcu la t ion is per formed al lowing for 
changes to the wave funct ion caused by the inf luence of the impl ic i t  
cont inuum solvent  enve lope .142 The SCIPCM model  per forms an SCF 
energy calcu la t ion repeated ly  wi thin the SCRF SCIPM model ,  unti l  
convergence of the energy is obtained for a given molecule,  hence only 
ava i lab le for s ing le-po in t  energy ca l cu la t i ons  in Gau ss ian98A .6 .142
The brominat ion of the unsaturated d ian ions react ion s to i ch iomet ry  does 
not inc lude i ncorporat ion of water  molecules;  bromohydr ins  were not 
isolated,  which also ind icates that  potent ia l  hydro lys is  and expl ic i t  water  
solvat ion need not be model led when cons ider ing b romo-p- l ac tone 
format ion.  Impl ic i t  solvat ion models are use to model  react ions in 
solut ion,  and solvat ion does al ter  the react ion PES. A c lass ic  example is
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the S n2 react ion of ch loromethane wi th chlor ide an io n . 143 An example of 
a chemical  react ion in both the gas phase and the l iquid phase with the 
ef fects  of so l u te-so l vent  in teract ions is the react ion of ch loromethane 
wi th ch lor ide anion to form a t rans i t ion state and then products,  a 
c l ass ic  Sn2 r eac t i on .143 For the ca l cu la t ions in the l iquid phase,  the 
so lu te -so l ven t  e lec t ros ta t i c  and d ispers ion in teract ions were included 
along the react ion path.  Resul ts of the ca l cu la t ions are summar ized in 
the f igure 76 below, which shows the change in energy as a funct ion of 
the react ion coord inate for  this react ion in the gas phase,  in solut ion 
wi th water ,  and in solut ion wi th dimethyl  formamide (DMF).
ici • • ch3 • • • err
- Aqueous solution
,  - D M F  solu tion
>-v
J c i c h ,  +  c r
\ A




-8 8-6 - 4 - 2 0 2 4 6
*r<A)
Fig .76. The energet i c  change of an S n2 react ion energet i c  prof i le wi th
di f fer ing so l v en t s . 143
In the gas phase,  there are energy minima due to format ion of  an anion-  
d ipole complex between chlor ide anion and methyl  chlor ide,
[C l  C F I3 C I ] '  or [ C H 3 C I  Cl] . Between these minima is an act ivat ion
energy of  about  13.9 kcal  mo l ' 1 to ach ieve a t rans i t ion st ructure
[C l  CH3 Cl]". In aqueous solut ion the chlor ide ion is so lvated and no
ion-d ipo le minima are observed.  Any s tab i l i sa t ion due to format ion of an
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i o n -d ip o le  is o f fse t  by e n e rg y  tha t  would  be lost in d e s o lv a t io n  of the  
c h lo r id e  an ion .  In w a te r  h o w e v e r ,  a much la rg e r  a c t iva t io n  e n e rg y ,  ~
2 6 . 3  kcal  m o l ' 1, is o b s e rv e d  for fo rm a t ion  of  the t rans i t ion  s ta te .  Th is  
e n e r g y  is la rg e r  than o b s e rv e d  for the gas  p h a s e  b e c a u s e  of  poo re r  
s ta b i l i s a t io n  by so lva t ion  of the t rans i t ion  s ta te  c o m p a re d  to s tab i l isa t io n  
in the  gas  p h a se  of  the io n -d ip o le  com plex .
C o m p a r is o n  of e x p e r im e n t a l  and c a lc u la te d  so lva t ion  d a ta  is not as  
n u m e r o u s  as  c o m p a r iso n  of e n e rg e t ic s .  R e a c t io n  ra tes  and bar r ie r  
h e ig h ts  a re  used to c o m p a re  the e n e r g e t ic  a c c u r a c y  of  m any  ab initio 
c a lc u la t io n s .  C o m p a r is o n  of  pKa c a lc u la t io n s  and e x p e r im e n t a l  da ta  is 
of ten  used to c o m p a re  implic it  so lva t ion  v a lu e s .  A c o m p a r is o n  of m ean  
a b s o lu te  de v ia t io n  of a q u e o u s  so lva t ion  f re e  e n e r g ie s  of 70  neu tra l  and  
c h a rg e d  m o le c u le s  at the  H F / 6 - 3 1 + G ( d ) / / B 3 L Y P / 6 - 3 1 + G ( d )  using C P C M  
and the  U A H F  ( G a u s s i a n 9 8 )  cav i ty  m ethod  g a v e  a tota l  e r ro r  of 2 . 9 5  kcal  
m o l ' 1, for  neu tra l  s p e c ie s  the er ror  w as  1 .4 3  kcal mol"1, for  an ion ic  
s p e c ie s  the er ror  w as  3 . 8 6  kcal m o l ' 1 and for ca t io n ic  s p e c ie s  the error  
w a s  4 . 3 2  kcal m o l ' 1. 144
5 .6 .  F ind ing  S t a t io n a r y  points.
S t a t io n a r y  points such as e n e rg y  m in im a  or s a d d le  points  (cf. t rans i t ion  
s t a t e s )  a re  all tha t  n o rm a l ly  con cern  c o m p u ta t io n a l  che m is ts  w hen  
i n v e s t ig a t io n  a po ten t ia l  e n e rg y  s u r fa c e .  G a u s s i a n 9 8 A . 6  uses a pow erfu l  
and robust  a lgor i thm  ca l led  the Berny a l g o r i t h m . 145 T h e  B e m y  a lgor i thm  
s ta r ts  with  an init ial  gue ss  for second  d e r iv a t iv e s  from using c o n n ec t iv i ty  
d a ta  and a to m ic  radi i  using a s im p le  v a le n c e  fo rc e f ie ld .  T h e  hess ian  
m atr ix  in i t ia l ly  d e r ived  from the fo rc e f ie ld  model  is u p d a te d  with eve ry  
o p t im is a t io n  s tep  using c o m p u te d  f irst  d e r iv a t iv e s .  O n c e  s ta t io n a ry  
points  h av e  been  iden t i f ie d ,  f re q u e n c y  c a lc u la t io n s  can be p e r fo rm e d .  
F r e q u e n c y  c a lc u la t io n s  for  m in im um  e n e rg y  m o ie t ies  should  resu l t  in all 
rea l  v ib ra t io n a l  f re q u e n c ie s .  F re q u e n c y  c a lc u la t io n s  for  a f irst  o rder  
s a d d le  point ,  a t rans i t ion  s ta te ,  should  resu l t  in only a s ing le  im a g in a ry  
f r e q u e n c y .  IR C ,  in tr ins ic  reac t ion  c o -o r d in a te ,  ca lc u la t io n s  
c o r re s p o n d in g  to a g e o m e t r y  p e r tu rb a t io n  a long the e ig e n v e c t o r
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cor respond ing  to the imag inary  f requency,  are then used to provide 
s tar t ing points to opt imise the st ruc tures to related minima.  However,  
IRC ca l cu la t i ons  do not include k inet ic  energy terms and represent  the 
theore t i ca l  minimum energy path for relat ing two minima s tat ionary  
points  wi th a s ingle t rans i t ion s ta te .145 Frequency ca l cu la t i ons  may be 
per formed pr ior  to op t imi sat i ons  and can be used instead of  ini t ial  




Fig. 77. A theoret i ca l  PES f rom reactant  R to product  P via a TS. 9 3
First  der i va t i ves  of  the energy and the geomet ry  of  a s t ructure,  provides 
i n format ion of the overal l  gradient  of the PES at a local  s ta t ionary  point .  
Energy gradients  can be calcu lated by using a matr ix Mx = ( x i >x2lx3,...Xn) 
conta in ing geomet r i c  i nformat ion.  If /' is one geomet r i c  s ta t ionary  point  
and j  is another  close geomet r i c  point ,  then the gradient  at point  /, wi th 
respect  to smal l  per turbat ions towards j , is grad,y = dE(Mx,) / dMx, and 
the Hessian matr ix can be calcu lated as H/y = dE(Mx) / d (Mx/,Mxy) . 147 
Diagona l i sa t i on  of  the Hessian matr ix wi l l  yield force constants .  Force 
constants  are not the same as f requenc ies .  E igenvector  fo l lowing 
rout ines for  opt imisat ion at tempt  to solve the hessian matr ix to yield 
e igenva lues  that  cor responds to the di rect ion to take to min imise the 
internal  forces for geomet ry  opt imisat ion.  Trans i t ion state opt imi sa t i ons
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a t te m p t  to o p t im is e  a long  a p a r t ic u la r  e ig e n v e c t o r  to y ie ld  a s p e c ie s  with  
one im a g in a r y  e i g e n v a lu e  co r re s p o n d in g  to a s ing le  im a g in a ry  v ibra t ion  
at  a s a d d le  point  on the P E S .  V ib r a t io n a l  f r e q u e n c ie s  a re  co m p u ted  by 
d e te r m in in g  the sec o n d  d e r iv a t iv e s  of the e n e rg y  with re s p e c t  to the  
c a r t e s ia n  n u c le a r  c o o rd in a te s  and then t ra n s fo rm in g  to m a s s -w e ig h te d  
c o o rd in a te s .  T h is  t ra n s fo r m a t io n  is only va l id  at a s ta t io n a r y  point,  
w h e t h e r  tha t  is an e n e rg y  m in im um  or a t rans i t ion  s ta te .  A n a ly t ic a l  
m e th o d s  a re  used  for  g a s - p h a s e  s ta t io n a ry  points .  N u m e r ic a l  
c a lc u la t io n s  of  f r e q u e n c ie s  a re  used for  so lu tes ,  w h en  using implic it  
s o lva t io n  m ode ls  l ike  P C M ,  as  im p le m e n te d  in G a u s s i a n 9 8 A . 6 .  Sm al l  
p e r tu r b a t io n s  in the  x, y and z c a r te s ia n  c o -o r d in a te  s p a c e  are  m ad e  and  
e n e r g ie s  a re  c a lc u la t e d  at  eac h  point.  For  a s p e c ie s  of  N nuc le i ,  for a 
n o n - l in e a r  m o le c u le ,  th e re  are  3 N - 6  (or  3 N - 5  for l in e a r  m o le c u le s )  
in te rn a l  d e g r e e s  of  f re e d o m  only,  so the t ra n s la t io n a l  and ro ta t iona l  
c o n ta m in a t io n  d e r iv e d  from n u m er ica l  c a lc u la t io n s  must  be re m o v e d  at  
the  end of a c a lc u la t io n .  It must  be s t re s s e d  tha t  q u a n tu m  c h e m is t ry  
c a lc u la t io n s  invo lve  c o m p lex  m a th e m a t ic a l  o p e ra t io n s  broken  down into 
c o m p u ta t io n a l  a lg o r i th m s;  f a i lu re  to o p t im ise  a s t ru c tu res  do e s  not m ean  
it is not c h e m ic a l l y  re le v a n t .  C h e m ic a l  u n d e rs ta n d in g  must  be app l ied  to 
the  resu l ts ;  c o m p u ta t io n a l  ch e m is t ry  is ap p l ied  m a th e m a t ic s  and not real  
c h e m is t ry .  Im p l ic i t  so lva t ion  m eth o d s  can n o t  d e s c r ib e  h yd ro gen  bonding  
and e lec t ro n  c o r re la t io n  c an n o t  be t re a te d  to y ie ld  a c c u r a t e  e n e rg ie s .  
H o w e v e r ,  s ta t io n a r y  points can be c a lc u la te d  and a p o ten t ia l  en e rg y  
s u r fa c e  c o n s t ru c te d  to re la te  r e a c ta n ts ,  t ra ns i t ion  s ta te s  and products  to 
a l lo w  the  q u a n t i t a t i v e  and q u a l i ta t iv e  tes t ing  of id eas .  R e la t i v e  e n e rg ie s  
su f f ice  for tes t ing  ideas ,  p rov ided  p o ten t ia l  er rors  a re  not ignored ,  
l e a d in g  to the co n s tru c t io n  of  a po ten t ia l  e n e rg y  s u r fa c e .  S o f tw a re  
p a c k a g e s  used inc luded  M o p a c 9 3 ®  148, C a c h e P r o 6 . 1.1 (co n ta in in g  
i n te r fa c e s  to M o p a c 2 0 0 2  and D G au s s )®  149, M OE® ( 2 0 0 4 . 0 3 )  15°, 
H y p e r C h e m 5 .0 1  ® 151, A c c e ry ls  V i e w e r  Pro® 152, M oleke l®  153, G a u s s V ie w ®  
154, M olden® 155 and  G a u s s ia n 9 8 A .6 ®  and G a u s s i a n 0 3 ® . 142 
G a u s s i a n 9 8 A . 6  w a s  a v a i l a b le  on a m u l t i -n o d e  S G I  Or ig in  2 0 0 0  with a
156q u e u e  sub m iss io n  fac i l i ty  and a m ax im u m  running t im e of 4 8  hours .
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6 . Exper imental  results and discussion.
6.1 Isolated bromo-B- lac tones and spectra
The resul t  of the exper iments ,  aqueous brominat ion of 2 ,3-d imethy l  
maleate and 2,3-d imethy l  fumarate disodium sal ts,  are that  bromo-p-  
lac tones are i solated,  in agreement  wi th Tarbel l  and Bart let t ,  however ,  
the s t ruc tures  are not as they p roposed .91,92 Addi t ion of bromine to 2,3- 
d imethy l  maleate d isodium sal t  resul ts in the isolat ion of 
[3S (3R) ,4S(4R) ] -3 -b  ro mo-4-carb oxy -3,4-d imethy l  ox e tan-2-one,  M8. 
Where the methyl  groups in 2,3-d imethy l  maleate are cis in relat ion to 
each other  in the reactant ,  the methyl  groups are trans  in re lat ion to 
each other  in the bromo-p- l ac tone product .  Addi t ion of bromine to 2,3- 
d imethy l  fumarate d isodium sal t  resul ts in the isolat ion of 
[3R(3S) ,4S (4R) ] -3 -b romo-4 -ca rboxy -3 ,4 -d imethy loxe tan -2 -one ,  F8. 
Where the methyl  groups in 2,3-d imethy l  fumarate are trans  in relat ion 
to each other  in the reactant ,  the methyl  groups are cis in relat ion to 
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Fig. 78. Di f ferences between Tarbe l l -Bar t l e t t  proposal  and exper imenta l
r esu l ts .91
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T h e  p r e s e n c e  of s o m e  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 -  
d i m e t h y lo x e t a n - 2 - o n e  and 2 ,3 - d im e t h y l  m a le ic  a n h y d r id e  in the crude  
product  p r e p a re d  from a q u e o u s  b rom ina t ion  of  2 ,3 - d im e t h y l  f u m a r a te  
d isod ium  sa l t  m ay be a c c o u n te d  for by the fac t  tha t  p r e p a re d  2 , 3 -  
d im eth y l  fu m a r ic  acid c o n ta in e d  som e  2 , 3 - d im e t h y l  m a le ic  a n h y d r id e  
f rom which  it w as  p re p a re d .  T h e  a q u e o u s  b ro m in a t io n  of 2 ,3 - d im e t h y l  
m a le a t e  d isod ium  sal t  and 2 ,3 - d im e t h y l  f u m a r a t e  d isod ium  sal t  are  
s t e r e o s p e c i f i c .  T h e r e  is no c ro s s -o v e r ;  d ib r o m o a d d u c ts ,  b rom ohy dr ins  
and m ix tu res  of b r o m o - p - la c to n e s  w e r e  not iso la te d  a f te r  
re c ry s ta l l is a t io n .  T h e  b rom in a t io n  reac t ion  as p e r fo rm e d  in the  
l a b o ra to ry  w as  in v e s t ig a te d  using c o m p u ta t io n a l  c h e m is t ry ,  to p rov ide  a 
q u a n t i t a t iv e  bas is  for  a p ropo sed  m e c h a n is m .  T h e  re a c ta n ts  d isod ium  
sal ts  a re  d e s ig n a te d  as MO for 2 , 3 - d im e t h y l  m a l e a t e  d ian ion  and FO for
2 ,3 - d im e t h y l  f u m a r a te  d ian io n .  T h e  product  b r o m o - p - la c to n e  iso la ted  
f rom MO, d e s ig n a te d  as M 8 X .  T h e  product  b r o m o - p - la c to n e  iso la ted  from  
FO d e s ig n a te d  as F 8 X ,  cf. f igu re s  78  and 79.  T h e  b r o m o -p - la c to n e  
an ions  from c a lc u la t io n s  a re  d e s ig n a te d  as M 6 from 2 ,3 - d im e t h y l  
m a le a t e  and F6 from 2 ,3 - d im e t h y l  f u m a r a te  d ian io n s .
H3C c h 3
o: o
i) Br2(aq)








Fig. 79. Only bromo-p-lactones result from bromination of MO and FO.91
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T h e  iso la ted  b r o m o - p - la c to n e s  products  are  iso la te d  from s te r e o s p e c i f i c  
r e a c t io n s .  T h e  13C N M R  da ta  for the two r e c ry s ta l l is e d  b r o m o - p - la c to n e s  
shows c lose  s im i la r i ty  to the spe c tra l  da ta  for  the c rude  m a te r ia l  
o b ta in e d  a f te r  the reac t ion  is ac id i f ied  with d i lu te  su lphur ic  a c i d . 91 O th e r  
r e s e a r c h e r s  h av e  iso la ted  the  b rom ohy dr ins  from the r e c ry s ta l l is e d  
b r o m o - p - la c to n e s  and the b ro m o h y d r in s  from ac id hyd ro lys is  are  
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2,3-dimethyl maleate bromohydrin; 2,3-dimethyl fumarate bromohydrin;
2S(R)bromo-2S(R)methyl-3S(R)hydroxy 2R(S)bromo-2R(S)methyl-3S(R)hydroxy 
-3S(R)methyl-butan-1,2-dioic acid -3S(R)methyl-butan-1,2-dioic acid
Fig. 80 .  M e a s u r e d  8C [ ( C D 3)2SO ]  13C N M R  c h e m ic a l  sh i f ts ,  quo ted  in
p p m .6991
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T a r b e l l  and B a r t le t t  w e r e  a lso  m is ta k e n  ab o u t  the  n a tu re  of the  
b r o m o h y d r in s .86,89 It is poss ib le  to c a lc u la te  13C N M R  ch e m ic a l  shif ts .  
T h e  s im p le  c a lc u la t io n s  can be m a d e  with p ro g ram s  such as C h e m D r a w  
Pro or ab initio H a r t r e e - F o c k  c a lc u la t io n s  can be p e r f o r m e d . 157
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Fig. 81 .  C N M R  ch e m ic a l  shi f ts  as p re d ic te d  by C h e m D r a w  Pro,  5C
quoted  in ppm.
T h e  2 , 3 - d im e t h y l  m a le ic  a n h y d r id e  s t ru c tu re  w as  o p t im ised  with  
P C M / B 3 L Y P / 6 - 3 1 + G ( d ) .  T h e  re s u l ta n t  g e o m e t r y  w as  s u b je c te d  to a
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s ing le  point  ca lcu la t io n  with  r H F / 6 - 3 1 1 + G ( 2 d , p )  and N M R  ( G I A O )  
c a l c u l a t i o n . 142,158 The  res u l ta n t  a n iso t ro p ic  G IA O  m a g n e t ic  sh ie ld ing  
te n s o rs  (p p m )  w e re  c a lc u la te d  as  carbony l  carbon  ( 0  = 0 )  as  1 6 1 .5 2 3 1  
and 1 6 1 . 6 1 6 4 ,  the cen tra l  a lk e n e  bond ( C = C )  c a rb o n s  as 9 3 . 1 2 8 2  and  
9 3 . 4 3 5 3  and the two m ethy l  ( - C H 3) ca rbo ns  w e r e  1 2 .1 1 0 1  and 1 2 . 1 8 7 6  
ppm. T h e  13C N M R  (8C) p red ic t io ns  m a d e  with  C h e m D r a w  Pro,  using a 
look-up  ta b le  with a d ju s tm e n t  for  ne igh b o u r in g  a tom  types ,  a re  c loser  to 
e x p e r im e n t a l  v a lu e s  shown in f igu re  80 ,  as op p o sed  to the ab initio 
c a lc u la t io n s  p e r fo rm e d  with  G a u s s i a n 9 8 A . 6 .  A s im i la r  ab initio 
c a lc u la t io n  p e r fo rm e d  on an op t im ised  b r o m o - p - la c to n e  ac id ,  M8,  
[ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e ,  and g av e  
resu l ts  th a t  w e re  not a c c u r a t e  as those  p re d ic te d  with C h e m D r a w  Pro,  as  
shown in f igu re  81.
T h e  ac id i f ied  c rude  13C N M R  sp e c t ra  from bro m in a t io n  of 2 , 3 -  
d i m e t h y lm a l e a t e  shown as S 1 3  on pag e  82 shows u n a s s ig n e d  p ea ks  at  
1 2 9 . 6 4 7  ppm and 1 2 8 . 9 4 0  ppm which a re  s im i la r  to d e c a r b o x y la t e d  
u n s a tu ra te d  s ide  products  as i l lus t ra ted  in f ig u re  81 .  In s p e c t ra  S 1 5  on 
pag e  85  a p ea k  at 1 5 . 9 0 2  ppm can n o t  be a s s ig n e d ,  a l th ough  s im i la r  to 
C H 3 s igna ls  p red ic ted  for  s a tu ra te d  b rom ohy dr in  a n d /o r  d ib r o m o -a d d u c t  
shown in f igure  81 .  In sp e c t ra  S 1 8  on p a g e  87  a n u m b e r  of u n a ss ig n ed  
p ea ks  a p p e a r  from 130  ppm to 1 25  ppm, s im i la r  to d e c a r b o x y la t e d  
u n s a tu ra te d  side products  as p red ic ted  in f igu re  81 .  T h e  ab initio G IA O  
and C h e m D r a w  Pro c a lc u la t io n s  w e re  c o n d u c te d  to tes t  the use of  
implic it  so lva t ion  m ode ls  and s ee  if u n a s s ig n e d  pea ks  in the c rude  13C 
N M R  s p e c t ra  could be a s s ig n e d  to s t ru c tu res  i l lus t ra ted  in f igu re  81 .  
G a u s s ia n  b ased  co n t ra c te d  bas is  fun c t io n s  do not p rope r ly  d e s c r ib e  the  
e lec t ron  d en s i ty  c lose  to n u c le a r  c e n t re s .  A c c u r a te  ab initio G IA O  
ca lc u la t io n s  of N M R  sh ie ld in g  tensors  m ust  use la rge  bas is  sets  to 
obta in  r e a s o n a b le  resu l ts .
It must be s t re s s e d  tha t  S 1 2  on pag e  81 on ly  shows s igna ls  for  M 8 X ,  
w h e r e a s  S 1 7  on pag e  86  shows s igna ls  for F 8 X  and re la t iv e ly  w e a k e r  
s igna ls  for M 8 X .  T h e  2 ,3 - d im e t h y l  f u m a r a te  d iac id  w as  p re p a re d  from
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2 ,3 - d im e t h y l  m a le ic  a n h y d r id e ,  so the a n h y d r id e  w as  a lso  p re s e n t  in 
smal l  a m o u n ts  in the a q u e o u s  b rom in a t io n  of 2 , 3 - d im e t h y l  fu m a r a te  
d isod ium  sal t .  H e n c e ,  a q u e o u s  b ro m in a t io n  of  2 , 3 - d im e t h y l  fu m a r a te  
d ian ion  a p p e a r s  to p rodu ce  M 8 X  and F 8 X  ac ids  in the c rude  products .  
T h e  re c ry s ta l l is a t io n  of  the c rude  m a te r ia l  p r e p a re d  from FO only  
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Fig. 82 .  R e a c t io n  e x a m in e d  using c o m p u ta t io n a l  c h e m is t ry . 8 6 , 9 1 , 9 2
C o m p u ta t io n a l  c a lc u la t io n s  w e re  used to q u a l i ta t iv e ly  and q u a n t i t a t iv e ly  
test  id eas  for  p ropo sed  s t ru c tu res  and c o n d i t io ns  to bui ld reac t ion  P E S ,  
to p rov ide  robust  q u a n t i t a t iv e  sup por t  for a p ropo sed  m e c h a n is m ,  to 
r e la te  p roduct  b r o m o - p - la c to n e s  to the r e a c ta n t  d ian io n s  and brom ine .
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Fig. 83. b romo-p- l ac tones  acids M8X and F8X captured from CIF f i l e s .91
The c rys ta l lograph ic  s t ruc tures for  the [3S(3R) ,4S(4R) ] -3 -b romo-4-  
ca rboxy - 3 ,4 - d ime thy lo xe tan -2 -on e (M 8X)a nd  [ 3R(3S) ,4S(4R) ] -3 -b romo-4-  
carboxy-3 ,4 -d ime thy loxe tan-2 -one  (F8X) isolated f rom aqueous 
brominat ion were over la id wi th the opt imised PC M/B3LY P/6 -31+G(d ) 
s t ruc tures (M8 and F8) using the r igid a l ignment  method in 
MOE2004 .3 .149 The c rys ta l lograph ic  s t ruc tures are in blue, M8X and F8X 
in f igure 84. The d i f fe rences between the M8X and M8 are less than they 
are for the d i f fe rences between F8X and F8.
Fig. 84. Over lays of M8X and M8 ( I hs ) and F8X and F8 ( r h s ) as 
opt imised wi th PCM/B3LYP/6-31+G(d) .
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Th e  d is ta n c e s  b e tw e e n  h e a v y  a tom s  a re  in b lack  in A n g s t ro m s .  Th e  
d i f fe r e n c e s  b e tw e e n  h y d r o g e n ’s a tom s  have  been  ignored;  
c r y s ta l lo g r a p h ic  s t ru c tu res  usua l ly  c a lc u la te  the pos it ion  of h yd ro gen  
a to m s  ra th e r  than using m e a s u r e d  e lec t ron  d en s i ty .  T h e  d i f f e r e n c e s  m ay  
be due  to the  fac t  tha t  c r y s ta l lo g r a p h ic  s t ru c tu res  are  o b ta in e d  from  
sol id  c rys ta ls  so crys ta l  pack ing  e f fe c ts  c an n o t  be ignored  and the  
c o m p u ta t io n a l  s t ru c tu res  w e r e  o p t im is ed  using P C M  to t re a t  implic it  
a q u e o u s  so lva t io n .  T h e  q u a l i ta t iv e  s im i la r i ty  b e tw e e n  the  
c r y s ta l lo g r a p h ic  s t ru c tu res  and the op t im ised  s t ru c tu res  from  
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  c a lc u la t io n s  a lso  con f i rm e d  the c a lc u la te d  
m ethod  resu l ted  in an a c c e p t a b le  q u a l i ta t iv e  s t ruc tu re  for  the b r o m o -p -  
la c to n e  ac id .
6 .2  M e c h a n is t i c  c o n s id e ra t io n s
T h e  product  b r o m o -p - la c to n e s  form from ring c losure ,  the  i n te r m e d ia t e  
p re c e d in g  the fo rm a t ion  of p - la c to n e s  need  to be c a lc u la te d  and r e la te d  
to the re a c ta n ts .  Ring c losure  of ha lon ium  ions has been  s u g g e s te d  by 
T a m e l e n ,  a lb e i t  for iodon ium  io n s . 71 C o n s id e r in g  the ra te  of ring c losure  
of u ) -b ro m o -a lk y lc a r b o x y la te s  to la c to n e s ,  cf. f igu re  41 ,  the  ra te  of r ing  
c losure  for  4 - m e m b e r e d  rings is q u ic k e r  than  tha t  for 3 - m e m b e r e d  r ings,  
so p - la c to n e  fo rm a t ion  should  be q u ic k e r  c o m p a re d  to a - l a c t o n e  
fo rm a t io n  for h a lo la c t o n is a t io n .53 O th e r  h a lo la c to n e s  hav e  been  
s y n th e s is e d  from h a lo g e n a t io n  of u n s a tu ra te d  ac ids  and s a l t s . 84. Hom si  
and R o u s s e a u  found that  p - la c to n e s  a re  fo rm ed  d i rec t ly  with d ia lky l  
subst i tu t ion  on the p - c a r b o n . 58,59 T h e  induc t iv e  e f fe c t  of  m ethy l  group  
will  aid cyc l isa t io n ,  re fe r re d  to as the  T h o r p e - ln g o ld  e f fe c t ,  w h e r e  the  
fo rm a t io n  of a t rans i t ion  s ta te  for r ing c lo su re  is a ss is ted  by induc t iv e  
alkyl  g r o u p s . 30 T h e  ch lo r ina t ion  of m a le ic  and  fu m a r ic  sa l ts  in v e s t ig a te d  
by Kuhn, Ebel  and W a g n e r - J a u r e g g ,  does  not lead to c h lo r o - p - la c to n e s  
but ch lo rohy dr ins  tha t  h av e  been  s u g g e s te d  to form from hyd ro lys is  of  
cycl ic  ch loron ium  ions and a - l a c t o n e  in te r m e d ia t e s .  H o w e v e r ,  hydro lys is  
of a - h a l o a c i d s  in d ic a te  tha t  3 - E x o - T e t  p ro c e s s e s  occur  rap id ly  and resu l t  
in re ten t ion  of con f ig u ra t io n  as found by Ingo ld ,  W in s te in  and
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Chadw ick .35,32,33,79 Ring c losures that  may be per t inent  are i l lust rated 
below.
Epoxide, S^i attack M1/F1 to M2/F2 M4/F4 to M6/F6
S/yi ring closure
exo endo 3-exo-tet @ 4-enHo-tPt 4-exo-tet 5-endo-tet
O
Baldwin diagram for 
ring closure of epoxides
 
process for ring 
opening of
S/yi ring closure 






Fig. 85. Ring closure i l lust rated wi th Ba ldw in ’s nomenc la tu re .54
The proposed mechanism of this thesis is that  the cycl ic bromonium ions 
leads to the format ion of an a- lac tone,  by 3 -Exo-Tet  r ing closure,  that  
then undergoes a conformat i onal  change to fac i l i ta te 4 -Exo-Tet  r ing 
c losure to lead to bromo-p- l ac tone f o rmat i on .91 There are three 
mechan i s t i c  proposals : -
I. Tarbel l  and Bart let t ;  proposed the format ion of open chain
zwi t te r ion i c  i n termediates  that  undergo r ing c losure in the qu ickest  
poss ib le success ion .86
II. Rober ts and Kimbal l ;  proposed ini t ial  format ion of a cycl ic
bromonium in termediate  that  undergoes 4-Exo-Tet  r ing c losure to 
yield b romo-p- lac tones .61
III. Robinson,  Buchanan and Wi l l i ams et. al .;  proposed ini t ial  format ion 
of  a cycl ic bromonium in termediate  that  undergoes 3 -Exo-Tet  r ing 
c losure to yield a - lac tones  that  undergo fur ther  conformat ional  
change to fac i l i ta te  4 -Exo-Tet  r ing c losure to yield bromo-p-  
l ac tones .91
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In 1 9 3 7 ,  at a t ime of g re a t  in te re s t  in the m e c h a n is m  of h a lo g e n  add it ion  
to a lk e n e s ,  T a rb e l l  and B a r t le t t  found the d isod ium  sa l ts  of  2 , 3 -  
d i m e th y lm a le ic  ac id  and 2 , 3 - d im e t h y l f u m a r ic  ac id reac ts  with a q u e o u s  
b ro m in e ,  Br2(aq), to g ive  two d i f fe re n t  c ry s ta l l in e  b r o m o - p - la c to n e s ,  
s im i la r  resu l ts  w e re  o b ta in e d  with a q u e o u s  c h lo r ine ,  H O C I ( aq) .85 The  
s te r e o s p e c i f i c  n a tu re  of the reac t ion  imp l ied  tha t  the  add i t ion  of  the two  
c o m p o n e n ts  to the a lk e n e  w as  c o n c e r te d .  C h lo r in a t io n  of m a le ic  and  
f u m a r ic  ac id  sa l t  so lu t ions  do e s  not resu l t  in iso la t ion  of p - la c to n e s ,  only  
h a lo h y d r in s  and d ich loro  c o m p o u n d s  resul t ,  d e p e n d in g  upon the  


























ring closure occurs in shortest 
possible time
Fig. 86 .  S ing le  s tep  m e c h a n is m  p ropo sed  by T a r b e l l  and Bart le t t . 86
T a r b e l l  and B a r t le t t  e x p la in e d  the i r  resu l ts  by invoking a short  l ived  
a n ion ic  zw i t te r io n  in te r m e d ia t e  w h e r e  the h a lo - p - la c to n e  fo rm e d  d i rec t ly  
f rom ring c losure  of the z w i t te r io n ,  in the s h o r te s t  pos s ib le  t im e .  The  
s t ruc tu re  of the iso la ted  h a l o - p - la c to n e s  w a s  a s s ig n e d  bas ed  on this
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m e c h a n is m  p ropo sed  by T a rb e l l  and B a r t le t t .  H o w e v e r ,  the  iso la te d  
crude  and pur i f ied  r e c ry s ta l l is e d  products  do not have  s t e r e o c h e m is t r y  
as p ropo sed  by T a r b e l l  and Bart le t t .
T h e  proposa l  of  R o b e r ts  and K im bal l  invokes  cyc l ic  b rom on ium  ion 
i n te rm e d ia t e s  tha t  would  und erg o  ring c lo su re  to y ie ld b r o m o -p - la c to n e s  
in a s im ple  s tep .  T h e  b r o m o - p - la c to n e s  iso la te d  h o w e v e r ,  can not  form  
from a s im p le  4 - E n d o - T e t  ring c losure  on the init ial  cyc l ic  b rom onium  
ions fo rm e d  from the r e a c ta n ts  d ian ions ;  this would  y ie ld  
s t e r e o c h e m is t r y  o p p o s i te  to tha t  o b ta in e d  e x p e r im e n t a l ly .  T h e  proposa l  
of R o b er ts  and K im bal l  su g g e s t  tha t  c o m p u ta t io n a l  c a lc u la t io n s  should  
start  with the  m ode l l ing  of cyc lic  ha lo n iu m  ions. Th is  would  p rov ide  a 
star t ing  point  for the construc t ion  of  a P E S  re la t ing  to the known e n d ­
point,  b r o m o - p - la c to n e s ,  to the r e a c ta n t  u n s a tu ra te d  ac id d ian ions .
3
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Fig. 87 .  R o b er ts  and K im bal l  p ro p o s e d  tha t  4 - E n d o - T e t  ring c losure
would  lead to p - l a c t o n e s . 61
A l te r n a t iv e  3 - E x o - T e t  r ing c losure  of the  carboxy l  group on the cyc l ic  
brom onium  ions will  g ive  r ise h o w e v e r  to a - l a c t o n e s ,  as p ropo sed  in this  
t h e s i s . 91 T h e  a - l a c t o n e s  w e r e  not is o la te d  so a c o n fo rm a t io n a l  c h a n g e  
and s u b s e q u e n t  4 - E x o - T e t  ring c losure  w ou ld  have  to occur  to resu l t  in 
b r o m o -p - la c to n e s  tha t  c o r res p o n d  to the iso la te d  products .  T h e  p o ten t ia l  
in v o lv e m e n t  of open cha in  z w i t te r io n s  as s u g g e s te d  by T a r b e l l  and
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Bar t let t  must  be examined carefu l l y  as the potent ia l  for hydro lys is  and/or  
rotat ion about  C-C single bonds may not be reconci led wi th exper imenta l  
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Fig. 88. a- lac tone mechanism proposed in this thesis. 91
The mechan ism presented in f igure 88, as proposed in this thesis,  does 
not propose zwi t te r ion i c  in termediates at any stage.  A cr i t i c ism of the 
above react ion PES scheme is that  there is no connect ion to the 
reactant  d ianions and molecu lar  bromine.  In water  and low bromine 
concent ra t ion,  the dominant  k inet ic express ion relates to A 6 e2 
mechanism,  cf. f igure 51.











































Fig. 89. Potent ial  bromine-d ian ion complexes
The format ion of cycl i c  bromonium ions in aqueous solut ions,  wi thout  
ini t ial  concent ra t i ons  of bromide ions may form f rom Ads2 mechanism,  
where the react ion rate would be expressed as /c?[M0][Br2] and 
/Cf[F0][Br2]. Atk inson and Bel l  have also suggested that  the higher  
energy bromonium ion mechanism,  the i n termediate  being [RBr+], 
predominates in the brominat ion of s imple a lkenes and in te rmediates  
that  may give rise to a,p addi t ion products,  whereas the i n termediate  is
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[ R B r 2], p r e d o m in a t e s  for  r e a c t io n s  such as the b rom in a t io n  of d ie thy l  
f u m a r a t e . 83159
T h e  poss ib i l i ty  tha t  som e  b rom ine  d isso c ia t io n  wil l f a c i l i t a te  a smal l  
c o n c e n t ra t io n  of b rom ide  ions and a l lo w  Ade3 m e c h a n is m  to o p e ra te  
c an n o t  be d is c o u n te d .  As b rom ine  h ard ly  d is s o c ia te s  in w a te r ,  b rom ine  
m o le c u le s  wil l h ave  to be m o d e l led  to a t ta c k  MO and FO, as in Ad^2  
m e c h a n is m  of b rom in a t io n  and the  po ten t ia l  b r o m in e -d ia n io n  c o m p le x e s  
o p t i m i s e d . 160 M od e l l in g  in te ra c t io n s  with b rom ine  m o le c u le s  wil l a lso  
tes t  the p ropo sa l  of W e i s s . 83,84
T h e  b rom ina t ion  reac t ion  is s t e r e o s p e c i f ic ;  a s im i la r  m e c h a n is m  is 
o p e ra t in g  in both re a c t io n s ,  for 2 , 3 - d i m e t h y l m a l e a t e  and 2 , 3 -  
d i m e th y l f u m a r a t e  d ian ion  a q u e o u s  b ro m in a t io n .  T h e  proposa l  that  the a -  
la c to n e s  2 S ( R ) - b r o m o - 2 ( 2 - m e t h y l - 3 R ( S ) - o x i r a n y l ) - p r o p i o n a t e ,  M 2,  and  
2 R ( S ) - b r o m o - 2 ( 2 - m e t h y l - 3 R ( S ) - o x i r a n y l ) - p r o p i o n a t e ,  F2,  a re  sh o r t - l ived  
in te r m e d ia t e s  in w a te r  at a m b ie n t  t e m p e r a t u r e  is not a novel  
p r o p o s a l . 29,31,33,42,43,45,46,47,58,59 T h e  novel  p roposa l  is that  hydro lys is  
a n d /o r  add i t ion  does  not occur  to yie ld syn add i t ion  products ,  such as 
b ro m o h y d r in s  or d ib ro m o a d d u c ts ,  the  a - l a c t o n e s  are  s ta b le  eno ugh  to 
und erg o  a c o n fo rm a t io n a l  c h a n g e  to f a c i l i t a te  4 - E x o - T e t  r ing c lo su re  to 
b r o m o - p - la c t o n e s . 91 M ode l l ing  with exp l ic i t  w a t e r  m o le c u le s  m ay support  
the  va l id i ty  of such a c la im ,  cf. f igu re  8 8 ,  h o w e v e r  such a ca lc u la t io n  is 
not a s im p le  u n d e r ta k in g ,  requ ir ing  c o n s id e r a b le  c o m p u ta t io n a l  re s o u rc e .  
M a n y  d i f f e r e n t  c a lcu la t io n  m eth o d s  and m ode ls  w e re  used to d e r iv e  the  
reac t ion  P E S  d ia g ra m s  co m p a r in g  re la t iv e  e n e rg ie s .
T h e  fo l low ing  d iscu s ses  the c a lc u la te d  resu l ts  and re la te s  the  
e x p e r im e n t a l  resu l t  of b r o m o - p - la c to n e  iso la ted  from a q u e o u s  
bro m in a t io n  of the r e a c ta n t  d ia n io n s ,  to c a lc u la te d  s t ru c tu res  and  
e n e rg ie s .  M a n y  c a lc u la t io n s  and m e th o d o lo g ie s  w e r e  t r ied ,  h o w e v e r  the  
resu l ts  must  be re c o n c i le d  with the s t e r e o s p e c i f i c  e x p e r im e n t a l  resu l ts .
127 J. J. Robinson, Ph.D. Thesis. 2005
2,3-dimethylmaleate, MO















































^ ^ B r ©










Fig. 90. Di f ferent  mechan ism f rom bromonium ions. 91
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The react ion PES from cycl ic bromonium ions, calcu la ted wi th 
PCM/B3LYP/6-31+G(d)  in Gaussian 98A.6 suppor t  the mechanism 
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Fig. 92. PCM/B3LYP/6-31+G(d)  opt imised react ion PES f rom F1 to
to
F6.91
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7. S e m i -e m p i r i c a l  ca lc u la t io n s
Ini t ial  model l i ng was per formed wi th semi -empi r i ca l  methods.  Using 
AM1, in Mopac93,  opt imised the bromonium ions to Cs and C2 
symmet r i ca l  species,  for M1 and F 1, in the gas phase to minimum energy 
species wi th all real  v ibra t ional  modes.  Wi th Cosmo/AM1 solvat ion 
however ,  M1 and F1 are found to be t rans i t ion states,  wi th a single 
imaginary  v ibrat ional  mode. Low grad ient  energy s ta t ionary  points were 
found using the SIGMA algor i thm.  Force,  IRC and opt imisat ion 























H3C / / / /# „ \_ _ ©  ,ltti\\CH3 M2
Fig. 93. Cosmo/AM1,  bromonium co l lapse to zwi t ter ion;  M1 to Z2.
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S p e c ie s H f k c a l / m o l F r e q u e n c y
Bromonium M1 -235.288 31.4 / c m ' 1
Zwi t ter ion Z1 -236.605 all real
Zwi t ter ion Z2 -221.901 460.2 / cm-1
a- lac tone M2 -228.647 all real
Fig. 94. Cosmo/AM1 resul ts wi th Mopac93,  M1 to M2.
The bromonium ion F1 opt imised wi th Cosmo/AM1 and having C2 
symmet ry  has an opt imised energy of -236.04 kcal  mo l ' 1 and the 




Fig. 95. Zwi t ter ion Z1 f rom M1 f rom Cosmo/AM1 calcu la t ion.
The react ion is s tereospec i f i c  and the resul ts  f rom Cosmo/AM1 
calcu la t ions are not cons is tent  wi th exper imenta l  resul ts.  The 
Cosmo/AM1 ca lcu la t ions suggest  that  zwi t te r ions  wi l l  form f rom 
brominat ion.  The zwi t ter ions wi l l  be suscept i b l e  to hydro lys is  to yield 
bromohydr ins  or even potent ia l l y  d i b romoadduc ts .  The aqueous
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brominat ion of the reactant  d ianions are s tereospec i f i c ,  a zwi t te r ion i c  














Fig. 96. SW1 hydro lys is  of zwi t ter ions  would yield bromohydr ins
The conformat i ona l  energy plot  refers to the energy of the zwi t ter ion 
against  d ihedral  angle of the two methyl  groups wi th respect  to each 
other,  by rotat ion about  the cent ral  the C-C bond. The carboxyl  groups 
were able to rotate too, albei t  wi th const ra ined C -CO 2 ’ bond lengths and 
f ixed O-C-O angles.
'YVJ  |
Fig. 97. Const ra ined zwi t ter ion PES around central  C-C bond.
The lowest  energy s t ructure was selected and const ra in ts  removed and 
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Fig. 98. St ructure of  the lowest  energy zwi t ter ion,  Z3, f rom Cosmo/AM1
calculat ion.  E =-236.677 kcal  m o l ' 1.
The zwi t ter ion Z3 has the lowest  energy of an opt imised zwi t ter ion 
calcu lated wi th Cosmo/AM1.  In f igure 98 the C-Br  length is 1.96A and 
three bonds around carbon C 2 are near ly t r igonal  planar .  The barr ier  for 
rotat ion about  the cent ral  C-C bond of the zwi t ter ion,  albei t  const ra ined,  
is calcu lated to be - 7  kcal  mo l ' 1, whereas the barr ier  to a- lac tone 
format ion is - 1 4 . 7  kcal  m o l ' 1. As the barr ier  to a - lac tone format ion is 
suggested to be re lat i vely  high, hydrolys is  may be preferable to a- 
lactone format ion is suggested by Cosmo/AM1 calcu lat ion.
The proposed mechanism for the re laxat ion of bromonium ions to a-  
lactones and f ina l l y  to p- lactones does not involve expl ic i t  water  
molecules.  To fur ther  test  ideas,  gas-phase op t imi sat i ons  wi th PM5 were 
per formed to s imply  assess the energet i cs,  in the absence of Cosmo 
solvat ion for impl ic i t  aqueous solvat ion,  for the proposed mechan ism 
shown in f igure 8 8 .149
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[3R(3S),4R(4S)]-3-bromo-4 -30.54
-carboxy-3,4-dimethyloxetan-2-one
Fig. 99. PES from PM5 gas phase calcu la t ion to provide i nd icat ion of
energet i c  scheme.
The bromonium ion M1 was calcu la ted to be a t rans i t ion state in the gas 
phase wi th PM5, in cont rast  to the gas phase AM1 calcu la t ion,  wi th heat  
of format ion of -191 .71  kcal mo l ' 1. The d i f fe rence in energy between M1 
and M2, wi th PM5 and wi th no impl ic i t  solvat ion is -12.22 kcal  mo l ' 1. The 
gas phase PM5 potent ia l  energy sur face of  the a - lac tones,  M2, M3 and 
M4 indicate that  M2 is higher  in energy compared to M4, only by 0.73 
kcal m o l ' 1. The gas phase PM5 ca l cu la t ions did not resul t  in stable 
zwi t ter ions at any stage.
The PM5 gas phase resul ts provided star t ing coord inates  for ca lcu la t ions 
per formed wi th ab ini t io  and hybr id DFT methods.  The Cosmo/AM1 
calculat ion resul ts do mean that  model l ing solvat ion energet i cs  is crucial  
when cons ider ing re lat ive energies and const ruc t i ve a react ion PES.
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8. Ab in i t io  and hybrid DFT ca lculat ion results
8.1 Ab- i n i t i o  and DFT cons iderat i ons
Har t ree-Fock,  DFT or even hybr id DFT, such as B3LYP ca l cu la t i ons  were 
a l te rnat i ves  that  would not be too computa t i ona l l y  demanding 
cons ider ing the computa t iona l  resource avai lable.  To compare rB3LYP/6-  
31+G(d)  ca l cu la t ions wi th Cosmo/AM1 resul ts,  the cycl i c  bromonium ions 
were model led and a- lac tones  resul ted,  not zwi t ter ions.
   ►
AE = -17.11 kcal m ol1
B3LYP/6-31+G* Gas phase
—  — ►
AE = -9.93 kcal m ol1
Fig. 100. Gas-phase rB3 LYP /6 -31+G(d)  ca lcu la t ions for co l lapse of 
bromonium ions M1 and F1 to M2 and F2 .161
The angles of  at tack of  potent ia l  3 -Exo-Tet  and 4-Endo-Te t  a t tack are 
shown in f igure 100 for the gas phase bromonium ion M1. However ,  gas 
phase ca lcu la t ions do not model  the ef fects  of  solvated react ions,  so the 
PCM impl ic i t  solvat ion model  was used to model  aqueous so lva t ion in 
the ab- in i t io  ca lcu la t ions conducted.  M1 and F1 were opt imised wi th 
PCM/B3LYP/6-31+G(d)  and the resul tant  wave funct ion tested wi th a 
stable calcu la t ion and no er rors were repor ted.  Gas phase HF/6-31+G(d)  
ca lcu la t ions gave s imi lar  resul ts as shown in f igure 100.
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8.2 b romo-2 .3 -d ime thv lma lea te  and bromo-2 .3-d imethv l f umara te
Calcu la t ions have shown that  M1 and F1 are t rans i t ion states that  
spontaneous l y  relax to a - lac tones,  M2 and F2 by 3 -Exo-Tet  r ing closure.  
To form the b romo-p- l ac tones  wi th the exper imenta l ly  observed 
s tereochemist ry ,  conformat i ona l  change and must  occur  to fac i l i ta te 4- 
Exo-Tet  r ing c losure.  Both ring c losure processes,  3 -Exo-Tet  and 4-Exo-  
Tet, are favourab le in accordance wi th r ing c losure rules repor ted by 
Baldwin.  Careful  ca lcu la t ions wi th PCM/ rB3LYP/6-31+G(d)  al low 
opt imisat ion of  the fo l lowing s t ructures,  fac i l i ta t ing the const ruc t ion of  a 
react ion PES from cycl ic  bromonium ions through to bromo-p- l ac tone 
anions.
2 .8 2 A /2.17A
\142.2(
148.5'101 .8 '
X 3 .1 7 A
Br-|-C2-0 3 angle142.2° Brr C3-0 3 angle101.8° Brr C2-0 3 angle148.5°
Fig. 101. M 1 and M2 as opt imised wi th PC M/B3LY P/6 -31 +G (d ).
Animat ion of  the single imaginary v ibra t iona l  f requency of  M1 indicates 
per turbat ion towards an asymmet r i c  bromonium ion wi th l engthening of 
the C-Br bond cor respond ing wi th shor ten ing of the C-O bond. IRC 
fo l lowing the imaginary  e i genvector  and opt imisat ion using GDIIS 
algor i thm leads to the a- lac tone M2. M4 was opt imised and use in 
conjunct ion wi th M2 to f ind M3 f rom a QTS2 opt imisat ion.  M5 was also
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f ound f rom PCM /HF /3 -21 G* scans by l engthening C2- 0 5, cf. f i gure 104 
f rom M6.
I  Bri-C2 " 0 3  angle 99.4 
(V C 2-C3-C4 dihedral angle 106.2'
Br1-C2" 0 3  angle143.1 
C i-C 2-C3-C4 dihedral angle 40.7'
Fig. 102. M3 and M4 as opt imised wi th PC M/B 3LY P/ 6 - 31 +G(d).
C-|-C2-C3-C4 dihedral angle 113.0(
9  Br-)-C2"03  angle 100.7° 
03-C2-°5 angle 153.1° 
(V C 2-C3-C4 dihedral angle 114.2'
Fig. 103. M5 and M6 as opt imised wi th PCM/B3LYP/6-31+G(d ) .
The st ruc ture M5 was also opt imised f rom a QST2 ca lcu la t ion f rom M1 
and M6 in an at tempt  to model  the 4 -Exo-Tet  r ing c losure.  An 
i nterest ing feature is that  C2- 0 3 bond length increases f rom m2 to M5. 
Using the opt imised st ruc tures above,  the react ion PES is shown below.
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Fig. 104. PCM/ rB3LYP/6 -31+G(d)  opt imised react ion PES f rom M1 to M6
Simi lar  ca l cu la t i ons  wi th 2 ,3 -d imethy l fumarate  ser ies opt imised the 
fo l lowing s t ruc tures wi th PCM/ rB 3L YP/ 6 - 31+G (d ).
Br1-C2-0 3 angle139.1° Brr C3-0 3 angle104.2c Brr C2-0 3 anglel 38.8°
Fig. 105. F1 and F2 as opt imised wi th PCM/B3LYP/6-31+G(d)
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Br-|-C2- 0 3 angle143.1° 
Cr C2-C3-C4 dihedral angle 40.7° Br|-C2-03 angle 85.8*
Fig. 106. F3 and F4 as opt imised wi th PCM/B3LYP/6-31+G(d)
Cr C2-C3-C4 dihedral angle 115.2C
Br-|-C2-03  angle 83.2° 
Br-i
03
0 3-C2-05 angle 150.9°
C1-C2-C3-C4 dihedral angle 111.4° Brr C2-0 3 angle 79.2° 0 3-C2-0 5 angle 141.6°
Fig. 107. F5 and F6 as opt imised wi th PC M/B3LYP/6 -31 +G(d).  
Using the opt imised st ruc tures above,  the react ion PES is shown below.
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Fig. 108. PCM/B3LYP/6-31+G(d)  opt imised species,  F1-F6,  re lat i ve
energy scheme.
Car tes ian coord inates,  in Angst roms are shown in App end i x l  on page 
189. All the fo l lowing resul ts were ca lcu la ted wi th Gauss ian98A.6 ,  on 
SGI i rix 6.5 worksta t ion ,  at Bath Univers i ty ,  unless o therwise stated.  
Energies repor ted are total  f ree energ ies in solut ion wi th non ­
e lec t ros ta t i c  terms in a.u. (E in PCM).  For TS, f i r s t - order  saddle points,  
s t ruc tures the s ingle imaginary  f requency is repor ted as a wave-number ,  
minima s t ruc tures were conf i rmed by possess ing all real  v i bra t i ons  and 
are ass igned as such.  These resul ts are f rom f requency ca l cu la t i ons  
per formed on ful ly opt imised st ruc tures that  had 4 YES opt imi sat i on  
f lags from Gauss ian98A.6  using defaul t  values of  0 .000450 for  Maximum 
Force, 0.000300 for RMS Force, 0 .001800 for Maximum d i sp lacement  
and 0.001200 for RMS disp lacement .  SCF energy convergences  were set 
to very-tight  wi th maxcycle speci f ied to be 999 for  s t ructure 
op t imi sat i ons  and f requency ca lcu la t ions.  Defaul t  values for SCRF PCM 
and CPCM cont inuum solvat ion ca l cu la t i ons  were used th roughout  to 
ensure energy compar isons  wi th other  ca l cu la t i ons  wi thout  having to
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app ly  c o r re c t io n s  for d i f fe re n t  P C M  p a r a m e te r s .  No te m p e r a t u r e  inputs  
w e r e  sp e c i f ie d  in the G a u s s ia n  input  f i les  so d a ta  rep o r ted  is for  d e fa u l t  
t e m p e r a t u r e  of 2 9 8 K .
S t r u c t u r e s E in P C M  ( a . u . ) F r e q u e n c y G = H - T S  ( a . u ) Z P E  ( k c a l  m o l ' 1)
M 1 b r o m o n i u m  T S - 3 1 0 5 . 0 2 2 3 9 6 8 2 0 0 . 6 9  / c m ' 1 - 3 1 0 4 . 9 4 7 7 0 7 7 0 . 6 2 4 5 9
M 2  a - l a c t o n e - 3 1 0 5 . 0 3 6 0 5 2 6 a l l  r e a l - 3 1 0 4 . 9 5 9 3 1 6 7 1 . 9 5 1 0 4
M 3  a - l a c t o n e  T S - 3 1 0 5 . 0 2 8 0 5 7 5 6 2 . 1 8  / c m ' 1 - 3 1 0 4 . 9 5 0 0 2 0 7 1 . 9 2 5 3 0
M 4  a - l a c t o n e - 3 1 0 5 . 0 3 6 2 3 8 2 al l  r e a l - 3 1 0 4 . 9 6 3 3 9 5 7 1 . 5 0 8 3 1
M 5  c / 0 - l a c t c n e  T S - 3 1 0 5 . 0 3 4 7 1 2 3 2 6 4 . 1 7  / c m ' 1 - 3 1 0 4 . 9 5 9 9 9 0 7 1 . 0 5 8 6 0
M 6  3 - l a c t o n e - 3 1 0 5 . 0 6 4 5 4 1 7 1 1 2 . 6 8  / c m ' 1 - 31 0 4 . 9 8 5 4 2 9 7 2 . 8 0 9 5 0
M 7  z w i t t e r i o n  T S - 3 1 0 5 . 0 1 6 4 9 1  1 1 2 6 . 4 2  / c m ' 1 - 3 1 0 4 . 9 4 2 2 1 2 7 0 . 4 8 3 7 5
M 8 x  3 - l a c t o n e  ac id - 3 1 0 5 . 4 2 3 5 2 7 6 N / A N / A N / A
M 8  o p t  3 - l a c t o n e  a c id - 3 1 0 5 . 5 1 3 2 4 6 6 al l  r e a l - 31  0 5 . 4 2 4 1  75 8 0 . 0 3 2 1 3
T a b le  109 .  R e s u l ts  of o p t im ised  s t ru c tu re s  for  2 , 3 - d i m e t h y l m a l e a t e  
s er ies  from f re q u e n c y  c a lc u la t io n s  on 4 Y E S  f lag  op t im ised  s t ruc tu res .
S t r u c t u r e s E in P C M  ( a . u . ) F r e q u e n c y G = H - T S  ( a . u ) Z P E  ( k c a l  m o l 1)
F 1 b r o m o n i u m  T S - 3 1 0 5 . 0 2 9 9 8 0 9 8 7 . 9 6  / c m ' 1 - 3 1 0 4 . 9 5 5 4 6 2 7 0 . 5 5 0 8 1
F2 a - l a c t o n e - 3 1 0 5 . 0 3 5 2 1 7 8 al l  r e a l - 3 1 0 4 . 9 5 9 1 7 2 71 . 7 0 3 3 2
F3 a - l a c t o n e  T S - 3 1 0 5 . 0 3 0 1  3 6 8 5 0 . 0 0  / c m ' 1 - 3 1 0 4 . 9 5 3 1 9 6 7 1 . 5 1 7 6 8
F4 a - l a c t o n e - 3 1 0 5 . 0 3 7 6 5 9 5 al l  r e a l - 3 1 0 4 . 9 6 2 1 8 0 71 . 6 1 6 3 5
F5 a / 0 - l a c t o n e  T S - 3 1 0 5 . 0 3 4 1 2 0 3 2 7 1 . 1 0  / c m ' 1 - 3 1 0 4 . 9 5 9 8 2 8 7 0 . 7 5 1 0 5
F6 0 - l a c t o n e - 3 1 0 5 . 0 6 4 4 1  33 al l  r e a l - 3 1 0 4 . 9 8 6 3 4 4 7 2 . 7 3 3 8 7
F7 a - l a c t o n e  T S - 3 1 0 5 . 0 3 4 3 7 4 7 2 7 6 . 6 5  / c m ' 1 - 3 1 0 4 . 9 5 9 6 7 4 7 1 . 0 0 6 5 5
F 8 x  0 - l a c t o n e  ac id - 3 1 0 5 . 4 1 3 9 1 0 3 N / A N / A N / A
F 8  o pt  0 - l a c t o n e  ac id - 3 1 0 5 . 5 1 4 1 0 0 9 al l  r e a l - 3 1 0 5 . 4 2 6 3 5 5 7 9 . 9 6 4 7 0
T a b le  110 .  Resu l ts  of opt im ised  s t ructures  for 2 ,3 -d im e t h y l f u m a r a te  
ser ies  from f re q u en c y  ca lcu la t io ns  on 4 Y E S  flag op t im ised  s tructures .
The  f ree  en erg y ,  G = H -T S ,  is g iven as the sum of e lec t ro n ic  and therm al  
f ree  en e rg y  result ing from a f re q u e n c y  ca lcu la t io n  in G a u s s ia n 9 8 A .6  
per form ed  on s ta t ion ary  points .  The  Z P E  sca l ing  fac tor  for B 3 L Y P /6 -  
3 1 G ( d )  Z P E  is 0 . 9 8 0 6 . 163 C a lc u la te d  v ib ra t ion a l  normal  m odes  are  of ten  
o v e re s t im a te d  too, scaling fac tor  can be app l ied  to correc t  this error .  
C o n s id e r in g  the b rom on ium  ions of 2 , 3 - d i m e t h y l m a l e a t e  ( M 1 )  and 2 , 3 -  
d im e th y l f u m a r a t e  ( F 1 ) ,  a s im i la r  p roce ss  of 3 - E x o - T e t  ring c losure  wil l  
yie ld  b r o m o - a - l a c t o n e s  M2 and F2 ,  an ac t  of in vers ion .  C o n fo rm a t io n a l  
c h a n g e s  of the M2 and F2 would  h av e  to occur  to f a c i l i t a te  4 - E x o - T e f
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ring c losure  to g ive  the b r o m o - p - la c to n e s  M6 and F6,  g iv ing r ise to 
a n o th e r  act  of  in vers ion .  H e n c e  o vera l l  re ten t io n  of c o n f ig u ra t io n  for the  
fo rm a t io n  of b r o m o - p - la c to n e s  for  b rom in a t io n  of  the u n s a tu ra te d  
d ian io n s  is the  net  s te r e o c h e m ic a l  resu l t ,  as is o b s e rv e d  e x p e r im e n ta l ly .  
Cyc l ic  b rom on ium  ions h av e  been  iso la te d  and a re  the f irst  fo rm ed  
i n te rm e d ia t e s  in a t ta c k  of ch lo r ine ,  b ro m in e  and iod ine  upon s im ple  
a l k e n e s . 160,163
8 .3  C a lc u la t io n s  with e xp l ic i t  so lva t ion  and  b rom ine
C o n s id e ra t io n  has to be m ad e  for  the fac t  tha t  m o le c u la r  b rom ine  is only  
s l ight ly  hyd ro lys ed  in w a te r ,  > 9 9 %  is B r2(aq) and only very  smal l  am o u n ts  
of B r O H (aq) and H B r (aq) is p re s e n t .  T h e  eq u i l ib r iu m  for the d isso lu t ion  of  
brom ine  in w a te r ,  B r2(aq) + H 20  = H + (aq) + B r ' (aq) + H O B r (aq) has  
equ i l ib r ium  c o n s ta n t  Ke of 7 . 2 * 1 0 ' 9 ( 4 .2  x 1 0 ' 4 for c h lo r in e ) ,  the  
equ i l ib r ium  c o n c e n t ra t io n  of [Br ] and [H O B r ]  being 1 . 1 5 * 1 0 ' 3 mol L"1 at  
2 5 ° C  ( 0 .0 3  mol L ' 1 for  ch lo r in e ) .  T h e  eq u i l ib r iu m  c o n c e n t ra t io n  of  
brom ine  Br2(aq) is 0 .21  mol L ' 1 and for ch lo r in e  C l 2(aq) is 0 .0 6 1  mol L '1. 
C a lc u la t io n s  with w a te r  and b rom ine  m o le c u le s  w e re  p e r fo rm e d .  The  
brom ine  bond length  from l i te ra tu re  is 2 . 2 8 A . 174
The  s e m i -e m p ir ic a l  m ethod  P M 5  im p le m e n te d  in C a c h e P r o 6 . 1.1 using  
M o p a c 2 0 0 2  s o f tw a r e  is a lso  c om bined  to an a lgor i thm  ca l led  M O Z Y M E  
that  uses s o m e  reg res s io n  a n a ly s is  to a s s is t  in solv ing S C F  e q u a t io n s  
for  la rg e r  c a l c u l a t io n s . 148 T h e  2 , 3 - d i m e t h y l m a l e a t e  d ian io n ,  b rom ine  and  
exp l ic i t  w a te r  m o le c u le s  w e re  o p t im ised  using M M F F 9 4  fo rc e f ie ld  using  
M O E 2 0 0 4 . 0 5 ,  and then  o p t im isa t io n  with  P M 5 / M O Z Y M E  a lg o r i th m .  For  
the s t ruc ture  shown in f igu re  112 ,  m ore  w a t e r  m o le c u le s  w e r e  add ed  to 
the s tar t ing  s t ru c tu re  shown in f igu re  111 and m in im ised  with  M M F F 9 4  
fo rce f ie ld  in M O E 2 0 0 4 . 0 5 .  R e a r r a n g e m e n t  of  w a te r  m o le c u le s  a cc o u n ted  
for the m a jo r i ty  of e n e rg y  c h a n g e s  dur ing o p t im isa t io n .
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Fig. 111. From PM5 gas phase opt imisat ion wi th expl ic i t  water  c luster
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Fig. 112. PM5/MOZYME gas phase opt imi sat i on on water  c luster .
In each case,  the bromine molecule d isrupts the carboxyl  group bonding 
wi th exp l ic i t  water ,  as shown in f igure 111, a b romine-d ian ion complex 
forms wi th the bromine molecule being c losely assoc ia ted to a carboxyl  
group.  The potent ia l  bromine-d ian ion complexes were model led wi th 
PCM/B3LYP/6-31+G(d) .
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8.4. E lec t roph i l ic  at tack of bromine
Model l i ng the e lec t roph i l i c  at tack of bromine,  Br 2 , upon the d i an ions  







Brr C2-0 3  angle148.5°
176.7°
Fig. 113. Opt imised geomet r i es  for  M11 and a- lac tone M13.





Br1-C 2-0 3  anglel 41.6°
3.19A
151.7
Fig. 114. Opt imised geomet r i es  for  F11 and a- lac tone F13.
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A f requency calcu la t ion on M11 indicates two imaginary  v ibrat ions,  
despi te opt imisat ion.  Set t ing the fur thest  out per iphera l  bromine atom to 
a dummy atom X in M11 and F11, yields M12 and F12, cf. f igure 118, to 
mimic potent ia l  solvat ion of the per ipheral  bromine atom. Per forming 
opt imisat ion on M12 and F12 resul ts in i t ia l l y  in a rotat ion of the f ree 
carboxyl  group by 90 degrees for both s t ruc tures shown in f igure 113 
and f igure 114. As M11 wi l l  opt imise to M2 and F11 did not opt imise to 
F2, s ingle point  energ ies for  M11 and F11 are repor ted when the outer  
bromine atom is changed to dummy atom using opt imised s t ruc tures  for 
M11 and F11, having net charges of - 1 .  A compar ison wi th potent ia l  
b romine-a l kene complexes where the bromine molecules  are associat ion 







0 3 to C 3 distance is 3.17A
0 3 to C3 to Br-j angle is 101.8°
Fig. 115. Symmet r i ca l  and asymmet r i c  bromine d ianions M10 and M10B.
The st ructure M10 shown in f igure 115, opt imised wi th imposed Cs 
symmetry .  The asymmet r ic  st ructure M10B shown on the Ihs in f igure 
115, was opt imised wi th the const ra in t  of  C-C-Br -Br  dihedral  being set to 
90° star t ing f rom M10. M10B has an energy o f -5676 .941 072 au, lower 








C2 to distance is 2.51 A
C 3 to Br-j distance is 2 .14A
C 2 to C3 to B ^ to Br2 dihedral angle is 
180.0°






0 3 to C3 distance is 2.82A  
0 3 to C3 to Br, angle is 105.5°
Fig. 116. F10, b romine-d ian ion complex opt imised wi thout  imposed
symmetry .
For f igure 113, M11 is the lowest  energy bromine-d ian ion complex  wi th 
the dianion port ion having a s imi lar  s t ruc ture to the opt imised reactant  
d ianion,  MO shown in f igure 137. Gas phase calcu la t ion,  wi th DGauss 
using BLYP/DZVP in Cac hePro6 .1.1, of e l ec t roph i l i c  suscept i b i l i t y  were 
per formed on BLYP/DZVP opt imised d i a n ion s .149
Fig. 117. The carboxyl  groups have the highest  e l ec t roph i l i c i ty  
(green/ye l low)  in MO(lhs) and FO(rhs).
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The most suscept i b l e  area to e lec t rophi l i c  a t tack on MO and FO are the 
carboxy l  groups.  This is s imi lar  to the mechanism suggested by Weiss,  
ini t ial  e lec t roph i l i c  at tack on the carboxyl  g roups .83
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Fig. 118. Energies for  b romine-d ian ion s t ructures.
The ca l cu la t ions wi th Br2 and dianions suggest  that  bromine at tack on 
2 ,3 -d imethy lma lea te  dianion resul ts in bromine-d ian ion complex where 
the bromine is coord inated towards the carboxy l  groups.  Potent ia l
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sol va t i on  of  the pe r ipher a l  b romi ne  then f ac i l i t a tes  co l l aps e  to M2  ex- 
l ac t one .  M ode l l i ng  the a t ta c k  of  b r omi ne  on 2 , 3 - d i m e t h y l f u m a r a t e  d ian ion  
h o w e v e r  s ug ges t s  a b romi ne  c o mp l ex  w h e r e  the br omi ne  m o le c u l e s  is 
c oo r d i na t e d  t o wa r ds  the cent ra l  c a r b o n - c a r b o n  dou b l e  bond,  so l va t ion  of  
the p e r i ph er a l  b r omi ne  an ion should y ield the br omon i um ion F1 which  
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Fig.  119 .  M e c h a n i s m  for  p - la c t o n e  f o r ma t io n  f rom e l ec t r oph i l i c  a t ta ck  of
b r omi ne  m o le cu l e .
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A c o m p a r i s o n  of  r e l a t i ve  e n e r g i e s  of  model s  wi th expl i c i t  b romi ne  and  
add i t ion  of  Br ' (aq) ion may  show d i f f e r enc es .  T h e  e n e r g y  of  b romi ne  
anion c a l c u l a t e d  by P C M / B 3 L Y P / 6 - 3 1 + G ( d )  is - 2 5 7 1 . 9 1 5 8 3 5  au.  T h e  
e n e r g y  of  b romi ne  cat ion c a l c u l a t ed  by P C M / B 3 L Y P / 6 - 3 1 + G ( d )  is -  
2 5 7 1 . 2 6 8 1 7 1  au.  Br omi ne ,  Br 2(aq) c a l cu l a t ed  by P C M / B 3 L Y P / 6 - 3 1 + G ( d )  
has a bond length of  2 . 3 2 1 A  and an ene r g y  of  - 5 1 4 3 . 4 2 5 7 5 5  au.
E ( a . u . )  and br omi ne E ( a . u . )  wi th Br ' (aq) D i f f e r e n c e  (kcal  m o l ' 1)
M 1 0 - 5 6 7 5 . 9 3 6 5 6 6 M 1 + B r '  - 5 6 7 6 . 9 3 8 2 3 2 - 6 2 8 . 5 5
M 11 - 5 6 7 5 . 9 4 2 0 2 1 M 1 + B r '  - 5 6 7 6 . 9 3 8 2 3 2 - 6 2 5 . 1 3
M 1 2  - 3 1 0 5 . 0 0 5 3 2 9 6 M1 - 3 1 0 5 . 0 2 2 3 9 6 8 - 1 0 . 7 1
M 1 2 + Br'  - 5 6 7 6 . 9 2 1 1 6 5 M1 + B r ‘ - 5 6 7 6 . 9 3 8 2 3 2 - 1 0 . 7 1
M 1 3 - 5 6 7 6 . 9 4 9 0 3 3 M2 + Br'  - 5 6 7 6 . 9 5 1 8 8 8 - 1 . 7 9
F 1 0  - 5 6 7 6 . 9 3 7 8 9 9 F 1 +Br '  - 5 6 7 6 . 9 4 5 8 1 6 - 4 . 9 7
F 11 - 5 6 7 6 . 8 4 9 5 9 5 F1 +Br '  - 5 6 7 6 . 9 4 5 8 1 6 - 6 0 . 3 8
F 1 2  - 3 1 0 4 . 9 9 5 9 1 8 F 1 - 3 1 0 5 . 0 2 9 9 8 0 9 - 2 1 . 3 7
F1 2 + Br'  - 5 6 7 6 . 9 1 1 7 5 3 F1 + Br ‘ - 5 6 7 6 . 9 4 5 8 1 6 - 2 1 . 3 7
F 13  - 5 6 7 6 . 9 4 0 7 2 3 F2 + Br" - 5 6 7 6 . 9 5 1 0 5 3 - 6 . 4 8
M0 + B r 2 - 5 6 7 6 . 9 1 4 6 7 9 M0 + Br + - 3 1 0 4 . 7 5 7 0 9 5 N/ A
F0 + B r 2 - 5 6 7 6 . 9 1 3 0 3 2 F0 + B r + - 3 1 0 4 . 7 5 5 4 4 8 N/ A
T a b l e  120 .  R e l a t i v e  e n e r g i e s  wi th b r om ine  and with Br. (aq) f rom  
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  c a l c u l a t i ons
No c o u n t e r p o i s e  cor rec t i ons  have  been  app l i ed  to e l im i n a t e  potent i a l  
basis  set  super pos i t i on  er ror  for  the b r o m i n e - d i a n i o n  c o m p l e x e s  and  the  
a - l a c t o n e  and bromi de  moi e t i es .
8 . 5 .  Q M / M M  ( G A M  E S S / C H A R M  M)  co l l apse  of  ch l o r on i um ion
As mode l l ing  wi th expl i c i t  b romi ne  m ol e cu l e  had occ ur re d ,  exp l i c i t  w a t e r  
m o l e c u l e s  w e r e  i nc luded to model  ch l or on i um ion co l l apse  to an a -  
l ac t one .  T h e  2 , 3 - d i m e t h y l m a l e a t e  ch l or on i um F1C I  w a s  opt imi sed  wi th  
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  and found to be a t rans i t i on  s ta te ,  I RC  and  
opt imi sa t ion  resul ted  in F2C I .  T h e  p a c k a g e s  G A M E S S - U K  and C H A R M M
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were used to per form QM/MM opt imisat ion,  T lP3P-water /B3LYP/6-  
31+G(d) ,  of ch loron ium ion F 1 C I , using coord inates  f rom PCMB3LYP/6-  
31+G(d)  opt imisat ion,  sur rounded by a 1 5A radius of  expl ic i t  water  
molecu les minimised in MOE wi th a f ixed solute using CHARMM.  The ab 
i n i t io  ca lcu la t ion on the solute was per formed wi th B3LYP/6-31+G(d)  
ca lcu la t ion using GAMES S-UK .172 The exp l ic i t  so lvent  water  molecu les 
were t reated wi th the CHARMM forcef ie ld ,  wi th dynamic  sampl ing of  the 




C lr C 2 -0 3 a n g le 1 4 4 .8 0
Fig. 121. F2Clqm opt imised wi th GAM ESS/CHARM M f rom F1CI.
Unl ike Oniom ca lcu la t ions the advantage of QM/MM ca l cu la t i ons  is that  
the opt imisat ion is dependent  upon the solute energy changes,  not on 
the whole assembly,  the gradient  ut i l i sed is for the ful l  system.  The f inal  
opt imised st ructure was a ch loro -a - l ac tone,  not a zwi t ter ion.  The 
GAMESS-UK sof tware did not contain a basis set def in i t ion 6-31+G(d)  
for  bromine,  so chlor ine was used.
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9 .Discussion of calculated results
T h e  c a l cu l a te d  resul t  suppor t  the pr oposed  m e c h a n i s m  that  cycl ic  
br om on i um  ions M1 and F1 ar e  t rans i t ion s t a te s  tha t  co l l ap se  to a -  
l ac t on es  and that  b r o m i ne - d i a n io n  c o m p l e x e s  ar e  h i gher  in e n e rg y  
c o m p a r e d  to a - l a c t o n e s  and bromi ne  an i ons .  T h e  conc lus ion  is that  the  
f i rst  f o r med  i n t e r m e d i a t e s  a r e  a - l a c t o n e s .
9 . 1 .  D i f f e r e n c e  b e t w e e n  C o s m o / A M 1  and P C M / B 3 L Y P / 6 - 3 1 + G ( d )  resul ts
T h e  C o s m o / A M 1  c a l cu l a t io ns  resul ted  in the op t imi sa t ion  of  a z wi t te r i on ,  
Z3 ,  cf. f igure  95 .  O pt imi sa t ion  wi th P C M / r B 3 L Y P / 6 - 3 1 + G ( d )  using the  
c o o r d in a te s  f rom Z3 ,  o b t a ine d  f rom C o s m o / A M 1  ca l cu l a t ion ,  resul t  in 
s p o n t a n e o u s  d e c a r b o x y l a t i o n  and f o r mat i on  of  an a l k en e ,  E - 2 - b r o m o - 3 -  
c a r b o x y - b u t - 2 - e n e .  Th is  resul t  d e m o n s t r a t e s  the  qua l i t a t i v e  and  
q u a n t i t a t i v e  d i f f e r e n c e  b e t w e e n  C o s m o / A M 1  and P C M / B 3 L Y P / 6 - 3 1 + G ( d )  
ca l cu l a t io ns  upon the zwi t te r i on  shown in f igure  91.
Fig.  122 .  O pt im is a t i on  of  Z3  wi th P C M / r B 3 L Y P / 6 - 3 1 + G ( d )  resul ts  in 
s p o n t a n e o u s  d ec a r b o x y l a t i o n .  AE > - 3 7 . 0 0  kcal  m o l ' 1.
T h e  P C M  e n v e l o p e  did not  suf f ice  to p r e v e n t  s p o n t a n e o u s  
d ec a r b o x y l a t i o n  and C O 2 loss dur ing the ca l cu l a t io n .  T he  ca l cu l a t ion  was  
t e r m i n a t e d  w h en  the  rate  of  e n e rg y  c h a n g e  b e c a m e  low,  so is not  st r ict ly  
a c o mp l e t e  op t i mi sa t ion .  This  ca l cu l a t ion  does  s u g ge s t  that  
d e c a r b o x y l a t i o n  may  l ead to m o n o c a r b o x y l - b r o m i n a t e d  a l k e n e s ,  as  
shown in f igure  122 .  T h e  e s t i m a t e s  of  13C N M R  c he mi ca l  shi f ts wer e  
m a d e  to see  if the e x p e r i m e n t a l  13C N M R  s pe ct ra  of  the c rude  mat er ia l  
c on ta i ned  any  potent ia l  d e c a r b o x y l a t e d  a l k e n e  products .  T h e  13C N M R
alkene
AE > 37 kcal mol"1
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s pe c t r a  do conta i n  u n a s s i g n e d  s i gna l s  but t he se  can not  be  
u n a m b i g u o u s l y  as s ig n ed  to a l k e n e  products ,  b r omohy dr ins  or  
d i b r o m o a d d u c t s .  T h e  a l k e n e s  A1 and A2 w e r e  op t imi sed  wi th G a u s s i a n 0 3  
using P C M / B 3 L Y P / 6 - 3 1 + G ( d ) . 142
-3105.071936 au
which is +4.64 kcal mol"1 above
the relative energy of M6
f  ---------------------------'N
H3C///


















which is +2.38 kcal mol" above 
the relative energy of M6
Fig.  123 .  D e c a r b o x y l a t i o n  may  l ead to a l k e n e  f or ma t i on .
T h e  s y m m e t r y  for the cycl ic  b r omoni um ion M1 ( Cs )  and F1 ( C 2 )  had to 
be i mposed  by using z - m a t r i c e s  wi th d u m m y  a t om s b e t w e e n  the cent ra l  
C - C  bond in the d i an i ons  and re la t ing  all  d i he dr a l s  to the d u m m y  a tom  
when  per for ming  opt imi sa t ion  wi th G a u s s i a n 9 8 A . 6 .
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C-X-Br angles set to 90° and X-Br-C-C dihedral angle set to 180' 
C-X distances set to be equal
Fig. 124. Schemat ic  representat ion of the Z-mat r ices used to opt imise M1
and F1 with PCM/B3LYP/6-31+G(d) .
Placing a dummy atom, X, in the central  C-C bond and f ixing some angles 
and all dihedral  angles and relat ing as many var iable dihedral  angles,  as 
possible to the dummy atom and using the NOSYMM keyword,  did ensure 
that  Gaussian98A.6 used symmetry in the opt imisat ions of cycl ic 
bromonium ions. The wavefunct ion for the opt imised cycl ic bromonium 
ions were subjected to a TEST calculat ion and no errors were returned.  
Opt imisat ion of M10 with PCM/uB3LYP/6-31+G(d)  and a mul t ip l i c i ty  of 3 
gave an energy higher than a PCM/B3LYP/6-31+G(d)  opt imisat ion.
Fig. 125. Spontaneous relaxat ion of  bromonium ions to a - l ac tones  from 
P CM/B 3LYP/6 -31+G(d)  ca l cu la t i ons  by 3 -Exo-Tet  r ing closure.
M1 F1
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T h e  e l ec t ro n i c  descr ip t ion  of  o x i r a n o n e  ind ica te  the C - O  acyl  bond to be  
qui te  polar  and e x t e n d e d  when  mod e l e d  wi th S C I - P C M / M P 2 / 6 -  
3 1 + G ( d ) . 37,92 T h e  cor rec t  e n e r g e t i c  descr ip t i on  of  this bond wil l  i n f luence  
pr ed i c t ions  for  so l ven t  s tab i l i sa t i on  cont r ibut ions .  T h e  C o s m o / A M 1  may  
conta i n  e n e r g e t i c  er rors  f rom e i th e r  a s y s t e ma t i c  er ror  in the AM1  
m et h od ,  possib ly  an o v e r - e s t i m a t i o n  of  a - l a c t o n e  ring st ra in or C o s m o  
impl ic i t  so lva t ion  met h od s  o v e r - e s t i m a t e  the so l vent  cav i ty  and  
zwi t t e r ion  c h a r g e s  i nte rac t i on  and h en ce  o v e r e s t i m a t e s  the e l ec t ro s t a t i c  
e n e r g y  cont r i but ion ,  l ead i ng  to so l ven t  s tab i l i sed  zw i t te r i ons .  T h e  
e n e r g e t i c  d i f f e r e n c e  b e t w e e n  the two gas  p h a se  AM1 op t i mi sa t i ons  of  M1 
and M 2  is - 1 2 . 8  kcal  mol"1. Inc luding C o s mo  so l va t i on  ene r gy  
cont r ibu t ions ,  the d i f f e r e n c e  b e t w e e n  M1 and M2 is ac t ua l l y  
e n d o t h e r m i c ,  by + 4 . 4 5  kcal  m o l ' 1 wi th an a ss o c i a t e d  d i f f e r e n c e  in d ipole  
m o m e n t  of  3 . 7 D .  T h e  d i f f e r e nc e  in ene r gy  c a l cu l a te d  with P C M / B 3 L Y P / 6 -  
3 1 + G ( d )  is e x o t h e r m i c  for  the d i f f e r e n c e  b e t w e e n  op t imi sed  b r omoni um  
ion M1 and M2  b r o m o - a - l a c t o n e ,  is - 8 . 5 7  kcal  m o l ' 1 with an a ss o c i a t e d  
d i f f e r e n c e  in d ipole  m o m e n t  of 2D .  T h e  e n e r g y  d i f f e r e n c e  b e t w e e n  the  
br om on i um  ion F1 and F2 b r o m o - a - l a c t o n e ,  is - 3 . 2 9  kcal  m o l ' 1.
Di an ion C o s m o / A M 1  1 S C F ,  p P C M / B 3 L Y P / 6 - 3 1 + G ( d ) ,  p
M 1 16 . 8 17 . 3
M2 13.1 19 . 3
D i f f e r e n c e 3 .7 2 . 0
T a b l e  126 .  C a l c u l a t e d  d ipole  m o me nt s ,  in D e b y e  (D) .
H a r t r e e - F o c k  ca l cu l a t io ns  o v e r e s t i m a t e  the m a gn i t u d e  of  d ipole  
m o m e n t s . 141 A reac t i on  wi th a zwi t te r i on i c  i n t e r m e d i a t e  wi th the potent ia l  
for  S a/1 hydro lys is  wil l  y ield a r a ce m i c  mix ture  of  b r omohydr in  products .  
T h e  P C M / B 3 L Y P / 6 - 3 1 + G ( d )  ca l cu l a t io ns  h av e  a s m a l l e r  d i f f e r e n c e  in 
di po l e  m o m e n t  c o m p a r e d  to the AM1 ca l cu l a t io ns .  T h e  r e l a t i onsh ip  
b e t w e e n  d ipole  m o m e n t  and solubi l i t y  for  neut ra l  so l ut es  is ut i l ised in 
di po l e  m o m e n t  m e a s u r e m e n t s .  D i po l e  m o m e n t s  a r e  m e a s u r e d  in n o n ­
po l ar  so l vents  such as carbon t e t r ac h lo r id e  and c y c l o h e x a n e .
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Correct ions must  be appl ied for solute concent ra t i ons  and equat ions 
der ived f rom the Debye-Claus ius -Mosot t i  models are used to calculate 
the square of  the dipole moment  f rom die lec t r i c  and concent ra t ion 
re la t i onsh ips .162
The a - lac tones  M2 and F2 are asymmet r i c  so they may form f rom 
asymmet r i c  t rans i t ion states.  Model l ing the spontaneous col lapse of 
symmet r i ca l  cycl i c  bromonium ions to a- lac tones  does not ind icate the 
presence of  asymmet r ic  t rans i t ion states.  Recent ly  Ruggiero and 
Wi l l iams,  at Bath Univers i ty ,  per formed PCM/B3LYP/6-31+G(d)  
ca lcu la t ions on ha lo-acry la te  species and the resul ts ind icated that  the 
cycl ic ch loron ium and bromonium adducts  of  acry la te anion were not 
in te rmediates  but t rans i t ion s t ruc tures for the degenerate rear rangement  
of ha lome thy l - a - l ac tones .37,91
bromonium ion carboxylate 
first order saddle point
attack by 0|attack by 0 ;
A E  =-20.3 kcal mol
equivalent bromomethyl 
oxiranones are both minima
Fig. 127. a - lac tone format ion f rom bromonium ion of bromonium ion of
acry late an ion .91
9.2 ch loro -2 .3 -d imethv lma lea te  and ch loro-2 ,3 -d imethv l f umara te
Simply replac ing the bromine atom wi th ch lor ine and re-opt imisat ion 
enabled the fo l lowing re lat i ve energ ies to be calcu la ted af ter
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opt i mi s a t i on  wi th P C M / B 3 L Y P / 6 - 3 1 + G ( d ) .  T h e  h i ghes t  e n e r g y  spe c i es  
a l ong  the reac t i on  path are  ch l or on i um ions M 1 CI  and F1C I .  T h e  
c o n f o r m a t i o n a l  a - l a c t o n e  T S ,  M 3 C I  and F3C I  a r e  s l ight ly l ower  in ene rg y .  
T h e  prof i l e  of  the reac t i on  f rom ch l or on i um ions M 1 CI  and F1C I  are  
s i mi la r  to the reac t i on  P E S  prof i le  f rom M1 and F1 to M6 and F6.
Ch l or o  M se r ies E in P C M  a .u . R e l a t i v e  E n e r g y  in kcal  m o l ' 1
M 1 Cl - 9 9 3 . 4 8 2 0 9 6 0 . 0 0
M 2C I - 9 9 3 . 5 0 1 4 9 2 - 1 2 . 1 7
M 3 C I - 9 9 3 . 4 9 3 3 5 5 - 7 . 0 7
M 4 C I - 9 9 3 . 5 0 1 7 8 5 - 1 2 . 3 6
M 5 C I - 9 9 3 . 5 0 0 5 3 9 - 1 1 . 5 7
M 6 C I - 9 9 3 . 5 3 2 3 5 9 - 3 1 . 5 4
T a b l e .  128 .  E n e r g i e s  for  M 1 C I  to M 6 CI  r e l a t i ve  to M 1 C I  op t imi sa t ion .
Ch l or o  F ser i es E in P C M R e l a t i v e  e n e r g y  in kcal  m o l ' 1
F 1 CI - 9 9 3 . 4 8 7 1 7 8 0 . 0 0 0
F2CI - 9 9 3 . 5 0 0 2 0 2 1 - 8 . 1 7 3
F3CI - 9 9 3 . 4 9 5 4 3 6 1 - 5 . 1 8 2
F4CI - 9 9 3 . 5 0 1 9 3 7 - 9 . 2 6 1
F5CI - 9 9 3 . 4 9 8 6 4 6 9 - 7 . 1 9 7
F6CI - 9 9 3 . 5 3 0 3 7 6 - 2 7 . 1 0 7
T a b l e  129 .  E n e r g ie s  for  F1CI  to F6C I  r e l a t i ve  to F1C I  opt imi sa t ion .
T h e  s t ruc t ur es  of  the op t imi sed  chloro s p e c i e s  ar e  s i mi l ar  to opt imi sed  
bromo s pe c ie s ,  wi th C - C I  bonds being s ho r t e r  than C - B r  bonds.  
C a l c u l a t i o n s  p e r f o rm e d  wi th H O C I ( aq), H C I (aq) and C l 2(aq) h av e  not  been  
a t t e m p t e d .
9 . 3  A c c u r a c y  of  e n e r g e t i c  bar r i ers .
T h e  b r omi na t ion  reac t i on  occurs  in a f ew minutes ,  so high e ne r g e t i c  
bar r i er s  a l ong  the reac t i on  P E S  wil l  i nd i ca t e  l e ng t h e n e d  reac t i on  t ime.
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Post  H a r t r e e - F o c k  c a l cu l a t io ns  such as M o l l e r - P l e s s e t  (e .g  M P 2 ) ,  
H a r t r e e - F o c k  wi th C onf igur a t i on  i nte ra t i on  ( C l )  and c o u p l e - c l u s t e r  
c a l c u l a t i o n s  (e .g .  C C S D )  are  c o m p u t a t i o n a l l y  d e m a n d i n g . 114 H a r t r e e -  
Fock  t h eo r y  of ten o v e r - e s t i m a t e s  bar r i er s  for  c he mi c a l  r e ac t i ons  
w h e r e a s  pure  D F T  u n d e r e s t i m a t e s  them.  T h e  popu la r  hybr id D F T  B 3 L Y P  
m e t h od  wi th 2 0 %  H a r t r e e - F o c k  e x c h a n g e  s ys t e m a t i c a l l y  u n d e r e s t i m a t e s  
b ar r i e r  h e i g h t s . 181 As m any  D F T  and hybr id D F T  f unc t io na l s  and m et h o d s  
ar e  a v a i l a b l e ,  a d i f f e r en t  m e t h o d o l o g y  w a s  used to c o m p a r e  the B 3 L Y P  
resul ts .  T h e  m ea n  uns igned  er ror  a s s o c i a t e d  wi th bar r i er  he ight  
c a l c u l a t i o n s  for  B 3 L Y P / 6 - 3 1 + ( d , p )  has been  r epor t ed  as 4 . 8  kcal  mol"1 in 
one s t udy  by T r u h l a r  and c o w o r k e r s . 165A n o t h e r  study by K o b a y a s h i  and  
c o - w o r k e r s  found that  B 3 L Y P  c a l cu l a t io n s  s ys t e m a t i c a l l y  u n d e r e s t i m a t e  
b a r r i e r  h e i g h t s . 166 T h e  M P W 1 K  m e t h o d o l o g y  has been  s u g g e s t e d  to h av e  
a m e a n  uns igne d  er ror  of  1 .5  kcal  m o l ' 1 for  bar r i er  he ight  c a l cu l a t io n ,  
d e v e l o p e d  a ga i ns t  a d a t a b a s e  of  e n e r g i e s  of  ac t iva t ion  and h y d r o g e n -  
a t om t r a n s f e r  r eac t i ons .
C a lc u la t io n  met hod E in P C M
M 1 B 3 L Y P / 6 - 3 1  + G ( d )  no so lvat ion - 3 1 0 4 . 9 2 2 7 0 9 9  au
M 1 M P W 1  K/ 6 - 31  + G ( d )  no so lva t ion - 3 1 0 4 . 9 5 7 7 3 8  au
M 1 P C M / B 3 L Y P / 6 - 3 1  + G ( d ) - 3 1 0 5 . 0 2 2 3 9 6 8  au
M 1 P C M / M P W 1  K / 6 - 31  + G ( d ) - 3 1 0 4 . 9 5 7 7 3 8 0  au
M2 P C M / B 3 L Y P / 6 - 3 1  + G ( d ) - 3 1 0 5 . 0 3 6 0 5 2 6  au
M2 P C M / M P W 1  K / 6 - 3 1 +  G ( d ) - 3 1 0 4 . 9 7 7 5 5 2 4  au
M 1 to M2  wi th P C M / B 3 L Y P / 6 - 3 1  + G ( d )  in kcal  mol"1 - 8 . 5 7
M1 to M2  wi th P C M / M P W 1  K / 6 - 3 1 + G ( d )  in kcal  m o l ' 1 - 1 2 . 4 3
T a b l e  1 30 .  C o mp a r i s o n  of  B 3 L Y P  and M P W 1 K  re l a t i ve  e n e r g i e s  in P C M  
for  M1 and M2,  using de f au l t  P C M  se t t ings  and 6 - 3 1 + G ( d )  bas is  set .
T h e  M P W 1 K  met hod  i n c r e a s e s  the p e r c e n t a g e  of  H a r t r e e - F o c k  
c ont r ibu t ions  in the dens i t y  f unct iona l  m e thod  by a f ac t or  of  2 . 167 P o a t e r  
and co w o r k e r s  have  r e op t i mi s ed  B 3 L Y P  p a r a m e t e r s  in o r der  to m in i mi s e  
d i f f e r e n c e s  b e t w e e n  c o mp u te d  e l ec t ron  de n s i t i e s  f rom this modi f i ed  D F T
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level  and those calcu la ted at the QCISD level  of  theory.  It was not iced 
that  d i f fe ren t  molecu lar  systems requi re d i f fe rent  levels of exact  
Har t ree-Fock  exchange for opt imal  agreement  between di f ferent  
m od e l s .168 As is shown in table 130, d i f fe rences between energet i c  
ca l cu la t i ons  wi th ident ical  basis set and ident ical  impl ic i t  solvat ion lead 
to d i f fe ren t  energ ies.  The ca l cu la t ions on M1 mainta ined imposed Cs 
symmet ry .  The compar ison shown in table 130, may be more val id in the 
gas phase as Truh lar  and co-workers  repor t  ca lcu la t ion wi th MPW1K in 
the gas phase and even s l ight  d i f fe rences in the PCM cavi ty of  the 
so l vent  and calcu la ted dipole moment  for a solute,  wi l l  resul t  in 
energe t i c  d i f ferences.  The conformat i on of the f ree carboxyl  group in M2 
wi l l  g reat l y  inf luence the barr ier  height  between M1 and M2.
Despi te the fact  that  react ion barr ier  heights can be est imated,  making 
pred i c t i ons  about  react ion k inet ics,  which would be useful  for  est imat ing 
res idence t imes in reactors,  is st i l l  a d i f f i cu l t  t a s k .169,170,1 71






Bri-C2 -0 3  angle 146.1°
Fig. 131. M9 opt imised wi th PCM/ rB3LYP/6 -31+G(d) ,  E in PCM was
- 3 10 5 . 02 992 78  a.u.
The at tempt  to opt imise M2 using MPW1 K/6-31+G(d)  in the gas phase 
fai led as the calcu la t ion tended towards a s t ruc ture denoted as M9. The
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s t ruc t ur e  M 9  w as  f i rst  e n c o u n t e r e d  dur ing e r r o n e o u s  opt imi sa t ion  with  
C o s m o / A M 1 .  T h e  s t ruc t ure  M9  was  r e - op t im is ed  wi th P C M / r B 3 L Y P / 6 -  
3 1 + G ( d )  and is shown be low.  M9  is an a n h y dr i d e  de r iv ed ,  pot ent ia l l y ,  
f rom 5 - E n d o - T e t  r ing c l osure ,  cf.  f igure  85 ,  of  the f ree  carboxy l  group  
ox y ge n  a t ta c k i n g  the carbony l  car bon  of the o x i r a n o n e  ring in M2 .  T h e  
s t ruc t ur e  M 9  does  not  fit into the overa l l  m e c h a n i s t i c  s c h e m e  and was  
noted for  i n t e r es t  only and has a re l a t i ve  e n e r g y  3 . 8 4  kcal  m o l ' 1 h i gher  
c o m p a r e d  to the  a - l a c t o n e  M2.  H o w e v e r ,  the ba r r i e r  b e t w e e n  M2  and M4,  
via the  M3 t rans i t i on  s t ate  is 5 . 0 2  kcal  mol"1. T h e  s t ructure  M9  is 
pr oba b l y  an a r t e f a c t  f rom P C M  solva t ion  and is a d e a d - e n d  
m e c h a n i s t i c a l l y .  Impl ic i t  so l va t i on  mode l s  can not  model  hydrogen  
bonding to exp l i c i t  so l ven t  w a t e r  m o l e c u l e s . 143 Expl i c i t  so l va t i on  may  
wel l  hold the  f re e  carboxy l  group in M2 ,  inhibi t ing rotat ion a bo ut  the C-  
C 0 2' bond and p r ev e n t  5 - E n d o - T e t  r ing c losur e  to M9 .  M 9  did not  resul t  
dur ing opt imi sa t ion  of  M 1 0 ,  M 1 1 ,  M 1 2  and M 1 3 .
9 . 4  M o d e l l i ng  wi th expl i c i t  w a t e r  m o l e cu l e s
E n e r g e t i c  d i f f e r e n c e s  b e t w e e n  impl ici t  so l va t i on  mode l s  such as  
P C M / B 3 L Y P  and expl i c i t  so lva t ion  mode l s  such as Q M / M M  ca l cu l a t ion  
have  be noted by o t her  r e s e a r c h e r s . 143 C a l c u l a t i o n s  wi th exp l i c i t  w a t e r  
m o l e cu l e s  w e r e  t r ied.  On i om ca l cu l a t i o ns  empl oy i ng  two l ayers  such as  
B 3 L Y P / 6 - 3 1 + G ( d )  for  so lute  and m o l e c u l a r  m e c h a n i c s  ( U F F ) ,  P M 3 ,  
H F / s t o - 3 G *  and H F / 3 - 2 1 G *  w e r e  t r ied for  expl i c i t  w a te r .  O p t i m i s ed  
st r uc t ur es  r e s e m b l e d  the P C M  resul ts .  O n i om  and Q M / M M  c a l c u l a t i ons  
do not  a l low c h a rg e  t r a n s f e r  b e t w e e n  so l ute  and so l ven t  l ayers .
T h e  opt imi sa t i on  of  F 2 C l q m  sp e c i e s  did not  resul t  in an i n t e r m e d i a t e  
zwi t te r i on .  T h e  ca l cu l a t ion  took a n u m b e r  of  months  to c om p l e t e .  A 
single  point  e n e r g y  ca l cu l a t ion  wi th P C M / B 3 L Y P / 6 - 3 1 + G ( d )  in 
G a u s s i a n 9 8 A . 6 ,  using the resu l t an t  c o o r d i n a t e s  of  F 2 C l q m ,  r esu l ts  in an 
e n e r g y  of  - 9 9 3 . 5 0 9 0 0 7 3  au for  the s t r uc t ur e  shown in f igure  121 .  An  
o ve r l a y  of  F 2C I  and F 2 C l q m  is shown be l ow in f igure  131 .  T h e  s t ruc t ure  
of F2C I  as op t i mi sed  with P C M / B 3 L Y P / 6 - 3 1 + G ( d ) ,  is h i gher  in e n e r g y
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compared to F2Clqm,  as opt imised wi th T IP3P-wa te r /B3LYP/6-31+G(d)  
as calcu lated using GAMESS-UK/CHARMM,  the d i f fe rence being 4.4 kcal 
m o l ' 1.
<>.13
Fig. 132. Over lay  of F2CI and F2Clqm opt imised st ructures,  f rom MOE.
The QM/MM calcu la t ion on F1CI also ind icates that  expl ic i t  solvat ion wi l l  
l ower  the energy of the ch loron ium F1CI by per turb ing the st ructure 
toward an asymmet r ic  ch loron ium ion and the opt imisat ion f in i shed wi th 
an opt imised ch lo ro-a - l ac tone,  F2CI. No i n termediate zwi t ter ion was 
opt imised.  In f igure 132 the dis tance between s imi lar  atoms are shown in 
Angst roms,  the r igid a l ignment  tool  in MOE was used to maintain 
geomet r ies  of  the two st ruc tures over laid.  The biggest  qual i ta t i ve 
d i f ference between F2CI and F2Clqm is the conformat ion of the methyl  
group ad jacent  to the ox i ranone ring.
At tempts  to model  the a- lac tones  in the present  of a few expl ic i t  water  
molecules wi thin a d ipo le /Onsager  sphere proved interest ing.  Some 
calcu la t ions resul ted in a- lac tones,  r ing-opened zwi t ter ions and even 
f i ve-membered r ing-c losed st ructures.  Opt imisat ion wi l l  of ten yield a 
local  energy minima and adequate number  of water  molecu les must  be 
used to incorporate  hydrogen bonding wi thin the exp l ic i t  so lvent
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molecu les  as wel l  as model l ing so lu te-so l vent  i nteract ions.  Many more 
exp l ic i t  water  molecu les are needed in the calcu la t ion shown in f igure 
133. Cal cu la t i ons  wi th HyperChem5.01 using the per iod ic  box set up for 
aqueous solvat ion provided ideal  star t ing s t ruc tures for opt imisat ion wi th 
Gauss ian98.
4
Distance between C2 and O•, is 1 .73 A
Fig. 133. opt imisat ion wi th expl ic i t  water  molecules
Opt imi sat i on wi th PM3 and per iodic box condi t ion contain ing water  in 
Hy pe rCh em 5 .0 1 resul ted in a- lac tones,  even when the grad ient  was less 
than 0.1 f rom e igenvector  fo l lowing rout ines.  The st ructure on the rhs in 
f igure 133 was obtained f rom Dipole /B3LYP/3-21 G* opt imi sat i on when 
the Maximum Force reached 0.002618,  not qui te converged.  The O-acyl  
bond was st re tched to 1.73A, the energy and the maximum force did 
d imin ish dur ing opt imisat ion,  however  af ter  many tens of  cyc les the 
ca lcu la t ion crashed wi th coord inate problems.  Restar t ing fai led to rect i fy 
this.  It is un l ike ly  that  a halohydr in wi l l  resul t  f rom opt imi sat i on,  but 
e longat ion of the O-acyl  bond is not unexpected.  The computa t iona l  
resource and t ime was unavai lab le to run D i po le /B3LYP/6 -31 +G(d)
8 = 1, vacuum
Onsager
dipole
sphere with J —✓ 
a0 of 7.32 A
S = 78.39, water
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and/or  PC M/B3LYP/6 -31+G(d ) ca lcu la t ions inc luding a reasonable 
number  of expl ic i t  water  molecules.
9.5 Model l ing 4-Endo-Te t  mechanism
To test  the proposal  on a zwi t ter ion i c  i n termediate  as suggested by 
Tarbel l  and Bar t let t ,  cf. f igure 90 and f igure 87, a QST2 calcu la t ion 
between M1 and F6 was per formed and M7 was opt imised.  The t rans i t ion 
state M7 re lates the convers ion of an a- lac tone,  M2, to a p- lactone,  F6.




Fig. 134. PCM/B3LYP/6-31+G(d)  prof i le for M7 TS col lapse to a- lac tone,
M2 and p- lactone,  F6.
The st ructure opt imised for  M7, shown in f igure 135, is f rom a QST3 
calcu la t ion using coord inates for M1 and F6 and the resul tant  s t ruc ture 
f rom a calcu la t ion wi th PCM/rHF/3-21 G* QST2 calcu la t ion using M1 and 
F6 to give a guess for M7. M7 was then opt imised wi th PCM/B3LYP/6-  
31+G(d)  and conduct ing IRC and opt imi sat i on f rom M7, leads forward to 
a - lac tone (enant i omer  of  M2, not M1 bromonium ion) and back to a 
b romo-p- l ac tone (F6). The dihedral  angle around C1 wi th c losest  three 
carbon atoms is 178.8° in M7.





0 5 to C2 to 0 3 angle is 82.3° 
0 5 to C2 to Bi^  angle is 101° 
0 5 to C2 to 0 6 angle is 81.8°
C2 to Br-j distance is 2.74A 
Br-t to C2 to 0 6 angle is 76.7° 
Br, to C2 to 0 3 angle is 133.5°
2.74A
C-, to  C 2 to  C 3 to  C 4 d ih e d ra l an g le  is 4 1 °
Fig. 135. M7 t ransi t ion state f rom PCM/B3LYP/6-31+G(d)
The mechani sm proposed by Tarbel l  and Bar t let t  suggested a 
zwi t te r ion i c  in termediate ,  the PCM/B3LYP/6-31+G(d)  ca lcu la t ion suggest  
that  any zwi t ter ions  are unstable when compared to a - lac tones .  The 
proposed mechanism of Rober ts and Kimbal l  does not agree wi th the 
ca lcu la ted react ion PES. The mechanism proposed by this thes is  is in 
agreement  wi th ca l cu la t ions .91,92 How the a - lac tones  form is a problem 
that  may not be easi ly answered.
The con format i ona l  change f rom M2 to M4 via M3, also F2 to F4 via F3, 
invo lves overcoming a conformat i onal  bar r ier  of a few kcal m o l ' 1 and the 
rotated a - lac tones  M4 and F4 are lower in energy than the ini t ial  a- 
lactones,  M2 and F2, but only by less than 2 kcal  m o l ' 1. Model l ing wi th 
exp l ic i t  solvat ion methods may resul t  in energet i c  d i f fe rences for this 
t rend in compar ison wi th impl ic i t  solvat ion model l ing.  S ing le-s tep 4- 
Endo-Te t  r ing c losure f rom bromonium ions to yield (3-lactones di rect l y  
invo lves a h igher  energy t rans i t ion state re lat i ve to bromonium ions; + 
3.70 kcal  m o l ' 1 for  2 ,3 -d imethy lma lea te  s i ng le-s tep TS [M7]*.  A s imi lar
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z wi t t e r i on  TS  for  s ingle  step p - l a c t o ne  ( M 6 )  fo r mat i on  f rom 2 , 3 - d i m e t h y l  
f u m a r a t e  b r om on i um  ion ( F 1 )  found by ca l cu l a t ion  c l ose l y  r e s e m b l e d  the  
t ra ns i t i ons  s t a t e  M5.  For mat io n  of  a - l a c t o n e  is e n e r g e t i c a l l y  p r e f e r r e d ,  - 
8 . 5 7  kcal  m o l ' 1 for  2 , 3 - d i m e t h y l m a l e a t e  a - l a c t o n e  fo r mat i on  and - 3 . 2 9  
kcal  m o l ' 1 for  2 , 3 - d i m e t h y l f u m a r a t e  a - l a c t o n e  f o r mat i on  f rom po t en t ia l  
cyc l i c  b r omon i um t rans i t ion  s ta t es .
vv\\CH^© 4-Endo-Tet 3 '''*
o  ____^  \  v
F i g . 136 .  F r on t -s id e  4 - E n d o - T e t  r ing c l osure  on br omon i um ion M1
A t t e m p t s  to model  the 4 - E n d o - T e t  r ing c losur e  on b r omoni um ion M1 
using a Q S T 2  P C M / B 3 L Y P / 6 - 3 1 + G ( d )  ca l cu l a t ion ,  wi th M6  r esu l ted  in 
M5.  M1 mo de l l e d  wi th impl ici t  so l va t i on  is a t rans i t ion  s ta t e  that  
c o l l a p s e s  to an a - l a c t o n e  not a zw i t t e r i on .  All  a t t e mp t s  to c a l cu l a te  
a l t e r n a t i v e s  to the a - l a c t o n e  m e c h a n i s m  have  fa i l ed  to lead to c a l c u l a t e d  
reac t i on  P E S  that  can be r econc i l ed  wi th the e x p e r i m e n t a l  resul ts .
9 . 6  M ode l l i ng  the r e a c t a n t  d i an i ons
T h e  r e a c t an t  d i an i ons  MO and FO w e r e  m o de l l e d  wi th P C M / B 3 L Y P / 6 -  
3 1 + G ( d ) .  T h e  opt imi sed  s t ruc t ure  of  2 , 3 - d i m e t h y l m a l e a t e  d i an i on  does  
r e s e m b l e  the crysta l  s t ruc t ure  of  m a l e a t e  l igand in the crysta l  s t ruc t ur e  
of  l A S E . p d b ,  a wi ld type  E . Co l i  A s p a r t a t e  A m i n o t r a n s f e r a s e  e n z y m e . 175 
T h e  s t ruc t ure  of  2 , 3 - d i m e t h y l f u m a r a t e  is s i mi l ar  to that  for  f u m a r a t e  
d i an i on  in the crysta l  s t ruc t ur es  1 G Z 3 . p d b  and 1 G Z 4 . p d b ,  h uman  
( o x i d o r e d u c t a s e )  mi t ochondr ia l  N A D P  d e p e n d e n t  mal ic  e n z y m e . 56
164 J. J. Robinson, Ph.D. Thesis. 2005
C2 to C 3 to C4 to 0 5 dihedral angle is 90 .8° tQ ^  (Q ^  (0  C j dihedra| angle is 179  8 »
C , to C2 to C3 to C4 dihedral angle is 0 .3 °  ^  tQ C j ,0  c< to 0s  dihedral ang|e is 1 7 9 g o







0 5 to C3 distance is 2.4A
0 3 to C-, to C2 to C3 dihedral angle is 168.6°
Fig. 137. St ructure of opt imised reactant  d ianions
The s t ruc ture of  the opt imised 2 ,3 -d imethy l fumarate  dianion is 
in terest ing in that  is planar  wi th respect  to the two carboxyl  groups and 
the cent ral  carbon-carbon double bond.
Dianion E(RB + HF-LYP) E in PCM
MO 2,3-dimethylmaleate -533.4935235 -533.488924
F0 2 ,3 -d imethy l fumarate -533.6560275 -533.487277
Table.  138. Opt imised unsaturated d ianions f rom PCM/B3LYP/6-31+G(d)
reactants.
9.7 Calcula t ion of  pKa
The brominat ion of MO and F0 is carr ied out on d isodium sal ts.  Sl ight  
changes in the pH of reactant  solut ions wi l l  af fect  the outcome of the 
react ion.  If too much bromine is used, hydrobromic  acid wi l l  form and 
the reactants  may be protonated,  af fect ing the mechanism.  The two pKa 
values of 2 ,3 -d imethy l f umar ic  acid can be determined exper imenta l ly .  
However ,  the two pKa values of 2 ,3 -d imethy lma le i c  acid cannot  be 
determined,  as in acidic aqueous solut ion 2 ,3 -d imethy lma le i c  acid wi l l  
spontaneous l y  r ing close to 2 ,3 -d imethy lma le i c  anhydr ide,  an aqueous
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s t ab l e  a nh y d r i d e .  C a lc u la t io n  of  pKa is d e m a n d i n g  as an er ror  of  1 . 3 6  
kcal  m o l ' 1 w h en  c a l cu l a t ing  A G °  f re e  e n e rg y  c ha n g e s ,  wil l  resul t  in an  
er ror  of  1 pKa uni t .  Q S P R  and ab initio me t h od s  have  been  used by  
ot her  r e s e a r c h e r s .  T h e  C P C M  impl ic i t  so lvat ion  model  has been  used  for  
a c c u r a t e  e n e r g y  ca l cu l a t ion  for  der iv ing p K a . 176,177,178 C o m p a r i s o n  of  
e x p e r i m e n t a l l y  d e t e r m i n e d  ha l oac id  pKa wi th t he or e t i c a l  c a l cu l a t i o n s  
may a lso  of fe r  ins ight  into se l ec t ing  an a p p r o p r i a t e  level  of  t h eor y  to 















Fig.  139 .  Empi r i ca l  pKa da t a  for  u ns a t u r a t e d  acids. 1 79
T h e  f i rst  pKa of  2 , 3 - d i m e t h y l m a l e i c  acid may  be s i mi l ar  to that  for  m a l e ic  
acid,  as shown in f igure  139 .  An a t t e m p t  was  m a d e  using the B 3 L Y P / 6 -  
3 1 1 + G ( 2 d , p )  l evel  of  theor y  and C P C M  met hod  for  impl ici t  so l va t ion  to 
ca l cu l a t e  the f i rst  pKa of  2 , 3 - d i m e t h y l m a l e i c  acid,  to test  the impl ic i t  
solva t ion  and B 3 L Y P  m e th od o l o gy .  T h e  op t imi sa t ion  and s u b s e q u e n t  
f r e q u e n c y  ca l cu l a t ion  of  the a q u e o u s  m o n o - a n i o n  revea l  that  the  
s t ructure  is a T S ,  wi th a s ingle  i m a g in a ry  v i bra t iona l  mode  of  7 5 5 . 6  #cm'  
1. The  resul t  of  the pKa ca l cu l a t ion  is c ons is ten t  wi th e x p e r i m e n t a l  da t a;  
an h yd r id e  f o r ma t i on  is s p o n t a n e o u s  in ac id ic  a q u e o u s  med i a .  A n im a t i o n  
of the i m a g in a ry  mode  s ug ges t s  r ing c l osure  to the a n h y dr i d e  wi th  
e l imi na t ion  of  a hydro x i de  an ion.  Us ing the t h e r m o d y n a m i c  da t a  
obt a in ed ,  f rom the four  C P C M / B 3 L Y P / 6 - 3 1 1 + G ( 2 d , p )  c a l c u l a t i ons  and  
wi thout  app ly i ng  v i b r a t iona l  or Z P E  sca l ing  fac tors ,  the c a l c u l a t e d  f i rst  
pKa va l ue  of 2 , 3 - d i m e t h y l m a l e i c  acid is 7 . 0 3 .
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G=H-TS from freq = -534.446368 au 
ZPE = 86.3350 kcal mol-1
gas
ho2c co2h
G=H-TS from freq = -533.914097 au 
ZPE = 77.4873 kcal mol"1
gas




















G=H-TS from freq = -534.468424 au 
ZPE = 84.81445 kcal mol-1
aqueous 
G=H-TS from freq = -534.024458 au
1-1ZPE = 77.10872 kcal mol" 
pKa = [G(A'gas) - G(AHgas) + AGS(A") - AGS(AH) - 269.0] /1.3644 = 7.03 [no scaling]
Fig.  140 .  C a lc u l a t i o n  of  pKa f rom C P C M / B 3 L Y P / 6 - 3 1 1 + G ( 2 d , p )
9 . 8 .  C a lc u l a t i o n  of  h a l o m a l e i c  and ha l o f u ma r i c  sal ts
Ro ber ts  and Ki mbal l  s u g g es t e d  that  the f i rst  f o r me d  i n t e r m e d i a t e  dur ing  
h a l o g e na t i on  of  a l k e n e  is a cycl ic ha l on i um ion.  T h e  work  of  M c K e n z i e  
can be e x p l a i n e d  by e xa m in i ng  the products  of  b a c k - s i d e  a t ta ck  upon the  
ini t ia l ly f o r me d ha lon i um ion by a ha l ide  a n i o n . 61 Br omi na t ion  of  ma l e i c  
acid l eads  to threo  p roducts  that  can be reso l ved  using mo r ph i ne  sal ts.  
Br omi na t ion  of  f u ma r i c  acid l eads  to a meso  ( e ry t hr o) p roduct  that  
cannot  be r eso l ved .
















Fig.  141 .  Br omi na t ion  of  m a le ic  ac id  in e t h e r . 75,60
H o w e v e r  ch l or ina t ion  of  m a l e i c  acid d i sod i um sal t  as e x a m i n e d  by Kuhn  
and Ebel  d oe s  not  l ead to d i c h l o ro ad du c ts  as p r opo sed  by T er r y  and  
E i c e h e l b e r g e r ,  ch l o r ohydr ins  are  f or med .
Fig.  142 .  K E F 2 C I  8 0 %  ch l o r ohydr ins  form f rom b ac k s i d e  a t ta c k  on 
ch l or on i um ion and 2 0 %  f rom hydro lys is  of  a - l a c t o n e ,  for  f u ma r ic  acid
di sod i um s a l t . 79
Te r r y  and E i c h e l b e r g e r  used a dd e d  e x c e s s  ch l or ide  ions in the i r  
e x p e r i m e n t s .  T h e  ch l or ohydr ins  resul t ing f rom ch l or ina t ion  of  m a l e ic  acid  
are  cis add i t ion  p r o d u c t s . 81 This  s t e r e o c h e m i c a l  resul t  is o pp os i t e  to that  
noted for  b r omi na t ion  of  m a le ic  a c i d . 78,79 In l ight  of  the  e x p e r i m e n t a l  
resul ts  by Kuhn and Ebel  and the sugges t io n  of  B a d e a ,  h a l o m a l e i c  and  
ha l o f u m a r i c  s p e c i e s  w e r e  e x a m i n e d  using P C M / B 3 L Y P / 6 - 3 1 + G ( d )  
m e t h o d . 78,79 T h e  sym me t r i c a l  m a l e ic  b r om on i um  ion K E M I B r ,  w as  
opt imi sed  and a f r e q u e n c y  ca l cu l a t ion  resu l ted  in a s ingle  i m a g in a r y  
v i bra t iona l  m o d e  of  3 2 . 1 2  /c m ' 1. Cs s y m m e t r y  w a s  i mposed  by using
%2
Cis addition product 
from overall syn addition
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a p p r o p r i a t e  z -ma t r i ces  with dummy atoms b e t we en  the central  C - C  bond  
T h e  m a l e a t e  cycl ic br omonium ion is a TS and I RC  and opt imisat ion  
resul ts in an a - l a c t o n e  K E M 2 B r .  Simi lar  resul ts w e r e  obta i ned  when  
model l ing  the symmet r ica l  m a l e a t e  chloronium ion K E M 1 C I ,  which  
r e l axed  to an a - l a c t o n e ,  K E M 2 C I .
o2c KEMIBr 0 0
©
02°  KEM1CI C° 2
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-7.28 kcal mol -1
+2.34 kcal mol -1
Fig.  143 .  Re la t i ve  ene r g i es  for mal e ic  and f umar ic  moie t i es ,
P C M / B 3 L Y P / 6 - 3 1  + G(d) .
The  symmet r ica l  f umar ic  bromonium ion K E F I B r ,  was  not a t ransi t ion  
state,  a f r eque nc y  calculat ion with P C M / B 3 L Y P / 6 - 3 1 + G ( d )  g av e  all  real  
vibrat ion modes  for  K E F I B r .  The  opt imisat ion  of  the b r om o - f u ma r a t e  a -  
l ac tone,  K E F 2 B r ,  proved prob l emat ic .  The C - H  bonds have lengths of  
1 . 0 9 6 A a n d  1 . 0 9 9 A i n  gas phase .  Using impl ici t  solvat ion,  
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  cau ses  the calculat ion to opt imise  to a s t ructure  
with ex t ended  C - H  bond lengths.  Numerous  a t tempts  to opt imise  the  
st ructure of K E F 2 B r ,  fa i l ed using P C M  expl ici t  solvat ion,  so best
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g u e s s e s  w e r e  cho sen  for  K E F 2 B r  and K E F 2 C I .  T h e  f u m a r a t e  ch l or on i um  
ion K E F 1 C I ,  could not  be op t imi sed  to give 4 Y E S  opt imi sa t ion  f lags ,  so 
a bes t  g u e ss  of  n o n - s y m m e t r i c a l  s t ructure  w as  cho sen  for  K E F 1 C I .  
Opt imi s i ng  the potent ia l  a - l a c t o n e ,  K E F 2 C I ,  f rom the f u ma r ic  ch l or on i um  
ion proved  di f f i cul t ,  the C - H  bonds e l o ng a t e d  to 1 . 9 3 A .  C o n s t r a i n e d  C- H  
bonds  w e r e  se t  to 1 . 0 9 A  and a best  guess  w as  opt imi sed .  T h e  
c h l or on i um ion,  K E F 1 C I ,  may  be lower  in e n e r g y  c o m p a r e d  to the  
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Fig.  144 .  Po ten t i a l  p - l a c t o ne s  f rom m al e i c  and f u m a r a t e  d i an i ons .
T h e  pot ent ia l  p - l a c to n es  K E F 6 B r  and K E F C I 6  o pt i mi sed  wi th e a s e ,  
e n e r g i e s  r e por t ed  in f igure  144  are  r e l a t i ve  to cycl ic  ha l on i um ions  
K E F I B r  and K E F 1 C I .  All  a t t e m p t s  to op t imi se  the pot ent ia l  p - la c to n e  
K E M 6 B r  and K E M 6 C I  f a i l ed ,  a va r i e t y  of  m e t ho ds  w e r e  t r ied P C M / H F / 3  
21 G* ,  P C M / B 3 L Y P / 6 - 3 1  + G ( d )  and C P C M / B 3 L Y P / 6 - 3 1 1 + G ( 2 d , p ) .
T h e  empi r i ca l  resul ts  of  W e i s s ,  Kuhn,  Ebel  and W a g n e r - J a u r e g g  show  
d i f f e r e n c e s  in br omi na t ion  and c h l o r i n a t i o n . 75,81 Br omi na t ion  of  d i sod i um  
f u m a r a t e  a f fo rd s  9 3 %  of the m e s o - d i b r o m o s u c c i n a t e  sal t .  C a lcu la t i on  
s u g g es t  that  pot ent ia l  cycl ic  ha lon i um ions of  m a l e i c  d i an ion a r e  less  
s t ab l e  c o m p a r e d  to potent ia l  cycl ic  ha l on i um ions of  f u m a r a t e  d i an ion  
and this d oe s  suppor t  the proposa l  of  B a d e a . 79 B a d e a  p r opo sed  that  
c hl orohydr in  fo r ma t i on  f rom d i sod i um m a l e a t e  o p e r a t e d  by a c h l o r o - a -  
l a c t one  ion tha t  u n d e r w e n t  hydro lys is ,  to give cis add i t ion  products  f rom  
overa l l  syn add i t ion .  W h e r e a s  the ch l or i na t ion  of  d i sod i um f u m a r a t e
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g i ves  r ise to a ch l or ohydr in  f rom hydro lys is  of  the cycl ic  ch l oron i um  
i o n . 79 T h e  br omi na t ion  of  m a l e i c  acid r epor ted  by M c K e n z i e  g a v e  two  
f h r e o - d i b r o m o s u c c i n i c  ac ids  that  could be r es o l v ed .  T h e  b r omi na t ion  of  
f u m ar i c  acid resul ts  in a erythro  products  and h e n ce  a meso-  
d i b r o m o s u c c i n a t e  tha t  can not  be r e s o l v e d . 75,84 Br omi na t ion  of  f u mar ic  
d i sod i um sal ts  resul ts  in a meso  and r acemic  d i b r o m o a d d u c t s .  
Br omi na t io n  of  d i e t h y l - e s t e r s  of  ma l e i c  and f u ma r i c  ac ids  a lso resul ts  in 
m e s o - d i b r o m o a d d u c t s .
meso
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Fig.  145 .  E x p e r i m e n t a l  resul ts  f rom h a l o g e n a t i o n  of  m a le ic  and f u ma r ic
sal ts.
T h e  quest i on  of  w h e t h e r  the a - l a c t o n e  m e c h a n i s m  is o pe ra t i ng  in the  
c a s e  of  b r om ina t ion  of  m a l e i c  d i sod i um sal ts  r e m a i n s  u n a n s w e r e d .
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9.9 A t tack  of ace ta te  anion on a m onocarboxv lb rom on ium ion
The coord inates  for M1 were used to place an acetate anion carboxyl  
oxygen atom where one of the lower M1 oxygen ’s had been to give the 
s tar t ing s t ruc ture of M lh o ac .  The calcu la t ion was an at tempt  to est imate 
the energet i c  d i f fe rences between the angle of a t tack of an acetate 
anion f rom the same posi t ion as the 3 -Exo-Tet  r ing c losure for  M1 and a 
more energet i ca l l y  favourable  posi t ion f rom a relaxed scan calcu la t ion.  
This would a l low a quant i ta t i ve compar ison of angles of at tack,  albei t  
















Fig. 146. At tacks of acetate anion on a bromonium ion s imi lar  to M1, 
d ihedra l9 angle for scan,  shown in red.
The dihedral  angle coloured red in f igure 146 was scanned in a relaxed 
manner ,  the bromonium ion was held f ixed.
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159.7° C 0 2©
dihedral C1-Br2-C3-04 
is -161.2 3
Fig. 147. B 3L YP /6 - 31+G(d)  energy and geomet r ies  f rom a re laxed scan 
through dihedral  angle shown in red in f ig. 146.
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The ini t ial  AcO-C-Br -C dihedral  angle was -13 9. 2° .  The C -0  bond was 
held f ixed at 2 .25A between the bromonium ion and the acetate anion.  
The energy was a minimum wi th a dihedral  angle of - 16 1 . 2°  and the 
unconst ra i ned AcO-C-Br  angle of 159.7°  as shown above.  The lowest  
energy point  on the relaxed dihedral  angle scan cor responds to a Br-C- 
OAc angle of  159.7° .  The at tack of a nuc leophi le  on the bromonium ion 
M1 has an angle of at tack that  is more favourab le compared to the 3- 
Exo-Tet  r ing closure.
Energy in kcai/mo! Energy in kc*IAnoi












R Z S159.7° 0O 2©
Fig. 148. Relat ive energ ies f rom B3LYP/6 -31+G (d ), re laxed scan of 
angle Br -C-OAc angle f rom 179° to 89° in the gas-phase.
However ,  the carboxyl  group oxygen in M1, has an angle of at tack that  is 
142.2°  and a d is tance of 2 .26A.  Any at tacking nuc leophi le  would have to 
overcome the e l ec t ros ta t i c  repuls ion of the bromonium anion M1 and at 
least  approach to wi th 2 .2 6A  to compete wi th 3 -Exo-Tet  r ing closure.  
Water  is a weaker  nuc leophi le  compared to carboxyl  oxygen.
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10. C o n c lu s io n
T h e  w or k  of W a l d e n  had d i spe l led  the pr imi t ive  not ion that  subst i tu t ion  
occur s  in a h o m o f a c i a l  m a nn e r .  T he  e xc e l l e n t  wor k  of  Ho lm ber g  and  
M c K e n z i e  had a lso  prov i ded  an insight  into subst i tu t ion  reac t i ons ,  
n e i ghbo ur ing  group e f fec ts ,  l ac t one  hydro lys is  and the fact  tha t  addi t ion  
r e a c t i o ns  to u n s a t u r a t e d  sy s te ms  y i e l ded  t rans  add i t ion  products .  T h e  
e x p l a n a t i o n  for  the work  of  M c K e n z i e  was  prov i ded  by R ober ts  and  
Ki mbal l  by the  pr oposa l  of  a ha l on i um i n t e r m e d i a t e .  T h e  work  of  Kuhn,  
Ebe l ,  W a g n e r - J a u r e g g ,  Kenyon  and Phi l l ips p r ov i ded  mor e  e v i d e n c e  for  
r ea c t i o ns  that  did not  occur  in a homof ac i a l  f ash i on .  T h e  work  of  
C o w d r e y ,  H u g h e s  and Ingold laid the f ounda t i on  for  m e ch a n i s t i c  
de s ig n a t io n  of  S w1 , S N2 and S n '\ reac t i ons .
T ar b e l l  and Bar t le t t  p r oposed  that  a q u e o u s  b r omi na t ion  of  2 , 3 -  
d i m e t h y l m a l e i c  ac id d i sod i um sal ts  would  f ac i l i t a te  the i solat ion of  
[ 3 R ( 3 S ) , 4 S ( 4 R ) ] - 3 - b r o m o - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  and that  
a q u e o u s  b r om ina t ion  of  2 , 3 - d i m e t h y l f u m a r i c  acid d i sod i um sal t  would  
f ac i l i t a te  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e .  
T ar b e l l  and Ba r t l e t t  w e r e  mi s t ak en  and the ac t ua l  products  f rom the  
br omi na t ion  r eac t i on  ar e  oppos i t e  to t hose  ini t ia l ly  p r opo sed .  T h e  
a q u e o u s  br omi na t ion  of  2 , 3 - d i m e t h y l m a l e i c  acid d i sod i um sal t  resul ts  in 
the pr oduct ion of  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 -  
d i m e t h y l o x e t a n - 2 - o n e .  T h e  a q u e o u s  b r omi na t ion  of  2 , 3 - d i m e t h y l f u m a r i c  
acid d i sod i um sal t  resul ts  in the pr oduct ion of  [ 3 R ( 3 S ) , 4 S ( 4 R ) ] - 3 - b r o m o -  
c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e .
T he  bromi na t ion  and  chlor i na t ion  of  a , p - u n s a t u r a t e d  carboxy l  sal ts  in 
most  c as es  l eads  to ini t ial  a - l a c t o n e  i n t e r m e d i a t e s .  A t t e m pt s  to c a l cu l a t e  
a l t e rn a t i ve  p a t h w a y s  lead to h i gher  e n e r g y  mo i e t i e s  or h i gher  e n e rg y  
zwi t te r i ons .  C a l c u l a t i o n s  on 2 , 3 - d i m e t h y l  m a l e a t e  and 2 , 3 - d i m e t h y l  
f u m a r a t e  d i an i on s  resul t  in two invers ion p r oce sses ;  3 - E x o - T e t  ring 
c l osure  to a - l a c t o n e  and 4 - E x o - T e t  r ing c losure  that  resul ts  in isolat ion  
of  h a l o - p - l a c t o n e s .  C a l cu l a t i o n s  wi th m a le ic  and f u mar ic  d i an i ons
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resul ts ,  in most  c a s e s ,  that  the a - l a c t o n e s  is l ower  in e n e r g y  c o m p a r e d  
to pa r en t  cycl ic  h a l on i um  ions,  except  for  c h l o r o - f u m a r a t e  m oi e t i e s .  T h e  
l ack of  induct ive  methy l  groups  m ea ns  that  h a l o - p - l a c t o n e s  ar e  not  
f o rme d .  Hydr o lys is  to y ield ha l ohydr ins  occurs  in the a b s e n c e  of  e x c e s s  
ha l ide  ions.
O p t i mi s a t io n  of  s t ruc t ur es  and c ompa r i son  of  re l a t i ve  e n e r g i e s  f a c i l i t a tes  
the  const r uc t i on  of  r eac t i on  P E S  for b romi na t ion  of  MO and FO to M6  and  
F6.  C a lc u l a t i o n  wi th P C M / B 3 L Y P / 6 - 3 1 + G ( d )  f rom cycl ic  b r om on i um  ions  
M1 and F1 resul t  in s p o n t a n e o u s  co l l apse  to a - l a c t o n e s  M2 and F2 by 3-  
Ex o - T e t  ring c l osur e .  T h e  f irst  f ormed i n t e r m e d i a t e  in the a q u e o u s  
br omi na t ion  of  2 , 3 - d i m e t h y l m a l e a t e  and 2 , 3 - d i m e t h y l f u m a r a t e  d i sod i um  
sal ts  a r e  a - l a c t o n e s .  T h e  a - l a c t o n e s  under go  rota t ion abo ut  the cent ra l  
C - C  bond and this f ac i l i t a tes  4 - E x o - T e t  ring c l osur e  to yield p - l a c t o ne  
M6 and F6.  S p e c t r o s c o p i c  ana lys is  by 13C N M R  shows the r ea c t i o ns  are  
s t e r e o s p e c i f i c  and tha t  both crude  and rec r ys ta l l i se d  products  conta i n  
b r o m o - p - l a c t o n e s ,  not  b romohy dr ins  or d i b r o m o a d d u c t s / d i b r o m o s u c c i n i c  
acids .  A l k e n e s  f or ma t i on  by d e c a r b ox y l a t i o n  m ay  be p r ese nt  in ac i d i f i ed  
crude  m at e r ia l .  T h e  yield of  b r o m o - p - l a c t o n e  is low,  so o t her  s ide  
products  are  f o rme d .  C a lcu la t i on  with P C M / B 3 L Y P / 6 - 3 1 + G ( d )  f rom cycl ic  
chl oron i um ions M 1 C I  and F1CI  resul t  in s p o n t a n e o u s  co l l apse  to a -  
l ac t ones  M 2 CI  and F2C I  by 3 - E x o - T e t  r ing c l osure .  A Q M / M M  ca l cu l a t io n  
on F1CI  resu l ted  in op t imi sa t ion  of  F2CI  and not  a zw i t te r i on .  T h e  a -  
l ac t ones  und e rg o  rotat ion about  the cent ra l  C - C  bond and this f ac i l i t a tes  
A-Exo- Tet  r ing c l osur e  to yield p - la c t one  M 6 CI  and F6C I .  T h e  2 , 3 -  
di methyl  f u m a r a t e  w a s  p r e pa r ed  f rom 2 , 3 - d i m e t h y l  a n h yd r id e ,  g iv ing r ise  
to the p r e s e n c e  of  2 , 3 - d i m e t h y l  m a l e a t e  in the r e a c t a n t s  and exp l a i n s  
why s om e [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 - c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e  
is p r ese nt  in the  c r ude  ac id i f i ed  mat er ia l  of  [ 3 S ( 3 R ) , 4 S ( 4 R ) ] - 3 - b r o m o - 4 -  
c a r b o x y - 3 , 4 - d i m e t h y l o x e t a n - 2 - o n e
As bromi ne  is w e a k l y  hydro lysed  in w a t e r  ca l c u l a t i o ns  with  
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  on br omi ne  m ol e cu l es  and  un s a t u ra t e d  d i an i ons  
MO and FO resul t  in b r o m i ne - d i a n io n  c o m p l e x e s .  T h e  b r o m i n e - 2 , 3 -
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d i m e t h y l m a l e a t e  d i an ion co mp l ex  has a s t ruct ure  w h e r e  the b r om i ne  
a s s o c i a t e d  wi th carboxy l  groups .  T h e  b r o m i n e - 2 , 3 - d i m e t h y l f u m a r a t e  
d i an i on  c o m p l e x  has a s t ructure  w h e r e  the b r om ine  a s s o c i a t e d  wi th the  
cen t r a l  C = C bond.  R e m o v a l  of  the pe r ipher a l  b r omi ne  a tom and  
o p t i mi s a t i on  wi th P C M / B 3 L Y P / 6 - 3 1 + G ( d )  resul ts  in a - l a c t o n e s .  
O p t i m i s a t i o n  of  the a - l a c t o n e s  wi th b r omi de  a n i ons  with P C M / B 3 L Y P / 6 -  
3 1 + G ( d )  r esu l ts  in s t ruc t ur es  that  a r e  l ower  in e n e r g y  c o m p a r e d  to 
b r o m i n e - d i a n i o n  c o m p l e x e s .  E x p e r i m e n t a l  and t he or e t i c a l  e v i d e n c e  
su g g e s t s  t ha t  b r omi na t ion  of  even  s i mple  a l k e n e s  is a c o mp l e x  p r o ce s s  
and m e c h a n i s m  can a l te r  in re la t ion to so l va t ion  c h a r a c t e r i s t i c s . 75,163 
P o l y m e r i c  b r om o sp e c i e s  such as Br 3‘ are  of ten involved.
T h e  u n a n s w e r e d  ques t i on  is how the i n t e r m e d i a t e  a - l a c t o n e s  form.  Do  
b r o m i n e - d i a n i o n  c o m p l e x e s  co l l apse  to a - l a c t o n e s  or do cycl ic  
br o mo n i u m ions form f rom Ade2  e l ec t roph i l i c  a t ta ck  of  br omi ne ,  
h yd r o br o m ic  ac id ,  h yp obr om i t e  or po l ymer i c  b r omi ne  m oi e t i es?  
C a l c u l a t i o n  wi th b r omi ne  ca t ions  and br omi ne  m o l e cu l e s  both y ie ld  a -  
l a c t ones .  H y d r o g e n  bonding b e t w e e n  carboxy l  groups  and w a t e r  
m o l e c u l e s  m ay  m ea n  that  Q M / M M  ca l cu l a t ion  may  d i f fer  f rom  
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  mode l s  in t e r ms  of  s t r uc t ur e  and re l a t i ve  
e n e r g i e s . 143
T h e  stabi l i t y  of  the  a - l a c t o n e s  in the p r e s e n c e  of expl i c i t  so l va t ion  has  
not been  e x a m i n e d  by ca l cu l a t ion .  T h e  ac id ic  and bas ic  hydro lys is  of  a -  
b r o m o p r o p a n o i c  acid resul t  in invers i on .  T h e  pH neut ra l  hydro lys is  of  a -  
b r o m o p r o p i o n a t e  anion resul ts  in re t en t ion  of  conf i gura t ion ;  cf.  f igu re  
2 0 . 26,27 T h e r e  is e x p e r i m e n t a l  e v i d e n c e  of  i so la ted  a - l a c t o n e s  and  
i n t e r m e d i a t e  a - l a c t o n e s .  T h e r e  is r ec e n t  e x p e r i m e n t a l  e v i d e n c e  for  
s i mi l ar  i so l a ted  3 , 3 - d i - f e r f - b u t y l - t h i i r a n e - 2 - t h i o n e  and 3 , 3 - d i - f e / T -  
b u t y l t h i i r a n e - 2 - t h i o n e  S - o x i d e . 180 T h e  P C M / B 3 L Y P / 6 - 3 1  + G ( d )  
c a l c u l a t i o ns  on M2,  M 2 CI ,  F2 and F 2C I  do not  a n s w e r  the que st ion  of  
w h e t h e r  a - l a c t o n e s  h av e  forma l  bonds  or a r e  z w i t t e r ion i c  as s u g g e s t e d  
by Ingold.
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The react ions are known to be complete in a few minutes,  but exact  
k inet ic  data is lacking.  Compar ison of react ion PES and kinet ic data may 
ass is t  in answer i ng exact l y  how the a - lac tones  form. Har t ree-Fock 
theory  usual l y  overes t imates  barr ier  heights,  whereas pure DFT (e.g. 
BLYP) of ten underes t imate  barr ier  heights.  Hybr id DFT methods such 
B3LYP also underes t imates  barr ier  heights,  so compar ison wi th k inet ic 
data may of fer  an ins ight  whether  a bet ter  method can be chosen to 
es t imate the bar r ier  heights for  the b romo-p- l ac tone format ion f rom the 







Fig. 149. LHS; potent ia l  expl ic i t  water  model  and RHS, calcu la ted 
impl ic i t  so lvat ion model  for  bromonium ion col lapse to a- lac tone.
The potent ial  role of  expl i c i t  water  molecu les has not been ful l y  
invest igated.  The ca l cu la t ions using impl ic i t  solvat ion methods indicate 
that  cycl ic symmet r i ca l  bromonium ions are t rans i t i on states.  The a- 
lactones however  are asymmet r ic ,  so the cycl i c  bromonium ions when 
model led wi th exp l ic i t  water  solvent  molecules may be in termediates
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with only a smal l  bar r ier  height  to an asymmet r ic  t rans i t ion state.  The 
hydrogen bonding of  the carboxyl  groups to water  molecules may provide 
a smal l  energet i c  bar r ier  to 3 -Exo-Tet  r ing c losure to a- lac tone.  The 
react ion PES f rom a - lac tone to (3-lactone does not contain large 
energet i c  barr iers so the react ions are rapid.





M 4M 3M 2
product anion 
q -26.45 kcal/mol




minima -8.69 kcal/molminima -8.57 kcal/mol
M 6
-26.45 kcal/mol energy difference [3R(3S),4R(4S)]-3-bromo-4
with PCM/B3LVP/6-31 +G(d) -carboxy-3,4-dimethyloxetan-2-one
Fig. 150. PCM/B3LYP/6-31+G(d )  energet i c  pathway f rom M1 to M6.
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Fig. 151. PCM/B3LYP/6-31+G(d)  energet i c  pathway f rom F1 to F6.
The ra te-determin ing step for  ha lo-p- l ac tone format ion may be pr ior  to 
a - lac tone format i on;  col lapse of ha logen-d ian ion complexes or 
d issoc ia t ion of  ha logens to hal ide and hypoha l ide species.  The react ion 
PES d iagrams have been drawn from ini t ial  cycl ic bromonium t ransi t ion 
states M1 and F1. However,  the col lapse of bromine-d ian ion complexes 
to a- lac tone and bromine dianion is energet i ca l l y  favourab le  so the 
s t ruc ture M1 may have no role in the react ion.  The cycl i c bromonium F1 
may however  have a role in the react ion PES. Potent ia l  t rans i t ion states 
between bromine-d ian ion complexes have not been ident i f ied.
The a- lac tone i n te rmediates  M2 and F2 form f rom 3 -Exo-Tet  r ing 
c losure,  in aqueous solvent  are not at tacked by water ,  or by bromide 
anions,  but undergo a conformat ional  change to fac i l i ta te  4 -Exo-Tet  r ing 
c losure to p- lactones,  promoted by the Thorpe- l ngo ld  ef fect .  The bromo- 
p- lactones form f rom two acts of  invers ion f rom SA/i r ing c losures.  Water  
is a weak nuc leophi le  so hydro lys is  of a - lac tone to yield syn 
bromohydr ins  does not occur  to any observable extent .
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11. Suggested Future work
T h e  u n a n s w e r e d  que st i on  of  w h e t h e r  b r om o ni u m ion (M1 and F1 )  
c o l l a ps e  a n d / o r  so l va t ion  of  a bromi de  an ion f rom a d i a n i o n - b r o m i n e  
c o m p l e x  ( M 1 0  and F 1 3 )  p r oce ed  to a - l a c t o n e  fo r ma t i on  ( M 2  and F2 )  is a 
p r ob l em that  wou l d  not  be e a s y  to an s we r .  P o l y m e r i c  bromo s p e c i e s  
such as BT3* m ay  be invo l ved .  T h e  br omon i um ions M1 and F1 h a v e  been  
c h a r a c t e r i s e d  by imposi ng  s ym met r y ,  h i gher  l eve l s  of  t heory ,  M P 2  for  
i n s t a nc e ,  may  y ie ld op t imi sed  s t a t ionar y  points  for  a s y m m e t r i c  
br o mo n i u m ions M1 and F1.
Expl i c i t  so l va t ion  mode l l ing  must  be p e r f o r m ed  to model  the ini t ial  
e l ec t roph i l i c  a t t a c k  of  b romi ne  upon the d i an i ons  MO and FO. E ven  
though the b r o m i n e - d i a n i o n  co mp l ex  s pe c i es  b ee n  m ode l l e d ,  pot ent ia l  
t rans i t ion  s t a t e s  h a v e  not  been  i dent i f i ed .  Po t en t i a l  c h a rg e  t r a n s f e r  
b e t w e e n  b r omi ne  and  c lose prox imi ty  exp l i c i t  so l ven t  w a t e r  m o le c u l e s  
may  m ean  a Q M / M M  a pp r o a c h  must  i nc lude  s o m e  w a t e r  m o l e c u l e s  in the  
Q M  par t i t ion.  H o w e v e r ,  n o n - b o n d e d  i n te ra c t i ons  ar e  di f f icul t  to model  
and B 3 L Y P  m ay  not  be best  for  descr ib i ng  the  po l ar  a - l a c t o n e  and  
hydrogen  bonding  to w a t e r . 182 It is l ikely tha t  resul ts  f rom Q M / M M ,  with  
a n um b e r  of  w a t e r  m o l e c u l e s  inc luded in the Q M  par t i t ion,  c a l c u l a t i o ns  
wil l  h av e  d i f f er ing  c o n fo r m a t io n s  c o m p a r e d  to the  P C M / B 3 L Y P / 6 - 3 1 + G ( d )  
resul ts .
If the so l va t ed  b r om i de  an ion is in prox imi ty  to M2  a n d / o r  F2,  w h a t  is the  
probabi l i t y  of  the  b romi de  anion a t tack i ng  the O - ac y l  bond of  the a -  
l ac t one  to y ield syn add i t ion  of  b r omi ne?  In c om p a r i s o n  with the work  by 
G r u n w a l d ,  W i n s t e i n ,  C h a d w i c k  and Pa csu ,  would  a d d ed  b r om ide  an i ons  
pr oduce  a m ass  l aw a f fec t?  W ou l d  an i n c r e a s e s  or d e c r e a s e  in pH resul t  
in bromohydr in  f o r ma t io n  f rom hydro lys is  of  the  a - l a c t o n e  and would  13- 
l ac t one  f or ma t i on  be r e t a rde d  at  e l e v a t e d  pH? T h e  crude  13C N M R  
spe ct ra  conta in  u n a s s i g n e d  s igna ls  that  may  i nd i ca t e  smal l  a m o u n t s  of  
side products .  D e c a r b o x y l a t i o n  of  z w i t t e r i o ns  as m od e l l ed  by 
P C M / B 3 L Y P / 6 - 3 1 + G ( d )  sug ges t s  a l k e n e  f o r ma t i on  and C 0 2 evo lu t ion  as
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a po t en t ia l  s ide reac t i on .  No e f f e r v e s c e n c e  w a s  o bs e r v e d  dur ing the  
s y n th e s i s  of  the b r o m o - p - l a c t o n e s .  C h r o m a t o g r a p h i c  t e c h n i q u e s  such as  
H P L C  or L C / M S  may  aid in ident i fy ing the smal l  a m o u n t s  of  s ide  
pr oducts .  S t ar t ing  r e a c t a n t  d isodium sal ts,  MO and FO, wil l  b en ef i t  f rom  
pur i f i ca t i on  to e l i m i n a t e  c on tami na t io n  f rom i mpur i t ies  pr ior  to 
h a l o g e n a t i o n .
K i ne t ic  m e a s u r e m e n t s  for  the a qu e o u s  br omi na t ion  of  MO and FO may  
a ss is t  and c o m pa r i so n  to the pr oposed m e c h a n i s m  and com pu t ed  
r eac t i on  P E S  may  prov i de  some  insight .  An i mp ro ved  c o m pu t a t i on a l  
a p p r o a c h  using impl ic i t  or  expl i c i t  so lva t ion  mode l s  and p e r ha p s  a 
d i f f e r e n t  hydr id D F T  (e .g .  P B E 1 P B E )  or ab initio (post  H a r t r e e - F o c k  
m e t ho d  such as M P 2 ,  Q C I S D ( T )  or HF wi th C l )  m e t h od o l o g y ,  m ay  be  
s u g g e s t e d  by c om pa r in g  ca l cu l a t io ns  of pKa for  M8,  FO and F8 wi th  
e x p e r i m e n t a l  d e t e r m i n a t i o n  of  pKa of M8,  FO and F8.
solventsolvent
Fig.  152 .  Br omi na t ion  wi thout  p - l a c t o n e  fo r mat i on .
T h e  3 - C y c l o h e x e n e - 1 - c a r b o x y l i c  acid was  b r om i n a t e d  wi th b r o mi n e  in 
ch l or of or m,  cf.  f igure  38.  W h a t  would the resul ts  be if 1- C y c l o h e x e n e - 1  - 
car bo xy l i c  sod ium sal t  was  b r omi na t ed  in w at e r ,  would  a p - l a c t o n e  or 
ha l ohydr in  form? T h e  reac t ion  i l l ust ra ted  in f igure  152  has the potent i a l
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to produce a p- lactone or a syn bromohydr in  may resul t .  The cyc lopenty l  
r ing is not as f lex ib le as a cyc lohexane r ing, so the carboxyl  groups 
cannot  rotate wi th respect  to each other.  This would i nvest igate the 
nature of possib le compet i t i on between a - lac tone format ion by 3 -Exo-Tet  
r ing c losure and p- lactone format ion by 4 -Endo-Te t  r ing closure.  










the syn addition product being
a meso product.
bromohydrin
Fig. 153. Aqueous brominat ion of  cyc l open t -1-ene-1 ,2 -d i ca rboxy l i c  
d isodium sal t  would not involve con format i ona l  change.
A per f luor inated cyc lopenty l  ring d isod ium sal t ,  C7F60 4Na2, may promote 
an a- lac tone in te rmediate  and a cis bromohydr in  may resul t  f rom overal l  
syn addi t ion.  The per fuor ina ted unsaturated acid shown in f igure 154 is 
commerc ia l ly  avai lable,  2 ,3 ,4 ,5 ,5 ,5 -hexa f l uo ro -4 - t r i f l uo romethy l - 2 -  
pentenoic  acid has CAS code of 103229-89-6.  The potent ia l  a - lac tone 
may form f rom 3 -Exo-Te t  r ing c losure on a bromonium ion.
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CAS No: 103229-89-6











Fig.  154 .  b r o m i n a t io n  of  the pe r f l uor ina ted  u n s a t u r a t e d  acid sal t  may  
yield an i so l ab le  p - b r o m o - a - l a c t o n e .
O t h e r  p e r f l u or i n a te d  a , p - u n s a t u r a t e d  ac ids  h av e  b ee n  p r e p a r e d . 183 An  
a l t e r n a t i v e  to using m o l e c u l a r  bromi ne  to c on duc t  the b r omi na t ion ,  may  
be ( d i a c e t o x y i o d o ) b e n z e n e - l i t h i u m  br omi de  which may  be used in T H F  
s o l v e n t . 184 A q u e o u s  b r omi na t ion  my resul t  in a cis a d d uc t  b r omohy dr in .
Ch l or ina t ion  of  d i sod i um sal t  of  2 , 3 - d i m e t h y l m a l e i c  and 2 , 3 -  
d i m e t h y l f u m a r i c  ac i ds  should y ield s i mi l ar  (3- lactones as b r omi na t ion  did,  
h o w e v e r  an e x p e r i m e n t a l  ana l ys i s  of  the products  is d e s i r a b l e  to conf i rm  
t h i s . 85,90,91 T h e  work  r epor ted  by Kingsbur y  may  ben ef i t  f rom  
c o m pu t a t i o n a l  c h e m i s t r y  to su g ge s t  the m e c h a n i s m  for  p - l a c to n e  
f o r mat i on .
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l actone acid. The st ructures M8x and F8X as isolated in the laboratory 
and obtained by X-ray crystal lography,  can be obtained from the CIF f i le 
that may be downloaded from reference 91 on the Royal  Society of 
Chemist ry  websi te;
ht tp: / /www. rsc .org/ is / journa ls /cur rent /chemcomm/CC001005.htm
The coordinates for M12 and F12 may be obtained f rom M11 and F11 by 
removing the most  per iphery bromine or replacing the per ipheral  Br by 
X. The coord inates for M10 and F10 are s imi lar  to M1 and F1 however 
an extra bromine needs to be at tached to the Br present  and having a C- 
C-Br -Br  dihedral  of 180°.
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Br
M1
0 . 0 0 0 0 0 0.45969 1.51762
C 0.73865 0.45969 -0.51937
C 1.53125 1.71405 -0.76408
C 1.48595 -0.85117 -0.84334
C •0.73855 0.45969 -0.51937
C •1.48595 -0.85117 -0.84334
C •1.53125 1.71405 -0.76408
0 1.67314 •0.87514 -2.08375
0 -1.67314 -0.87514 -2.08375
0 •1.81468 -1.64694 0.05144
0 1.81468 -1.64694 0.05144
H 1.05264 2.61448 -0.37424
H 2.53016 1.61786 -0.32642
H 1.64630 1.82073 •1.85078
H •1.05264 2.61448 -0.37424
H -2.53016 1.61786 -0.32642




C 0.78981 0.15864 -0.20719
C 1.55520 -1.07906 0.38282
O 2.59984 -0.85040 1.02599
Br 0.59830 1.56776 1.22359
C -0.61443 -0.24661 -0.58932
C -1.57993 -0.72781 0.46523
O -1.31770 0.80401 -1.58045
C -0.96267 -0.40266 -1.99356
O •1.04386 -1.03109 •3.01543
O 1.04126 -2.18157 0.06629
H 1.13248 1.69609 -1.71471
H 2.59674 1.06406 -0.92045
H 1.75845 0.07660 -2.13146
H -1.03552 -1.27386 1.23869
H •2.33892 •1.38959 0.03703
H •2.07832 0.13205 0.92576
M7
O 0.56739 -2.19850 0.12070
C -0.81334 -0.28015 -0.47993
C 0.66024 -0.09178 -0.65279
C 1.30864 -1.16649 0.22706
O 2.37844 •1.02162 0.82589
H 1.01740 -1.14573 -2.50046
C 1.21077 •0.15448 -2.07324
H 2.29268 0.00492 -2.03960
H 0.77104 0.60829 -2.72120
Br 0.92689 1.78337 •0.01158
C -1.41466 •0.58672 0.89986
O -2.38653 -1.37294 0.83198
O •0.88920 -0.02629 1.88342
H •1.59976 -1.05678 -2.24626
C -1.72375 -0.15035 •1.62328
H •1.44238 0.68949 -2.27221
H -2.76829 -0.09784 -1.31265
Br
M2
0 . 0 0 0 0 0 0 . 0 0 0 0 0 1.52818
C 0.73501 0 . 0 0 0 0 0 -0.52510
C 1.47472 1.30806 -0.84335
C 1.50157 •1.26415 -0.77809
C -0.73501 0 . 0 0 0 0 0 -0.52510
C -1.47472 •1.30806 -0.84335
C -1.50157 1.26415 -0.77809
O 2.02107 1.97880 0.04751
O -2.02107 -1.97880 0.04751
O 1.41669 1.47099 -2.08809
O -1.41669 -1.47099 -2.08809
H 1.64576 -1.33916 -1.86415
H -1.64576 1.33916 -1.86415
H 0.96700 -2.15526 -0.43765
H -0.96700 2.15528 -0.43765
H 2.48586 -1.21370 •0.30158




C -0.86386 -0.05942 0.19350
O -0.05123 -1.25423 •1.58728
C 0.92188 -0.48888 -1.29154
C 0.60668 0.22893 0.05031
O -1.61572 -2.08477 1.48303
C -1.32671 -0.91507 1.30107
Br 0.88369 2.20064 -0.15265
C •1.90223 0.64357 •0.62623
H -1.48097 0.98345 -1.57444
H •2.75043 -0.02054 -0.82016
H -2.26329 1.52189 -0.07902
O 1.99410 -0.31333 -1.88317
C 1.51367 •0.23867 1.17619
H 2.55331 -0.04337 0.89941
H 1.39057 -1.31993 1.32681
H 1.28475 0.27628 2.11266
M8
Br 0.34286 -0.68575 •1.80886
O 0.34286 -0.68575 1.75059
O 2.49464 -0.68575 0.93164
O -2.21416 1.74609 0.90864
H -2.59640 2.52030 1.41421
O -0.97166 1.46733 2.77784
C 1.33099 •0.40454 0.85885
C 0.41711 0.32384 •0.12328
C -0.70483 •0.06235 0.90867
C 0.73154 1.77732 •0.41266
H 0.80370 2.35293 0.51887
H -0.04431 2.22035 -1.04405
H 1.69404 1.84499 -0.92959
C -1.77147 -1.07682 0.54728
H -1.31218 -1.99320 0.16808
H -2.44222 •0.66979 -0.21459
H -2.35952 •1.32294 1.43864




C 0.05572 •0.00602 -0.52614
C 0.71680 -0.13456 •1.88949
C -0.47028 -2.35821 0.39726
C 1.43844 •1.09941 1.47539
C -1.49174 0.27030 •0.56641
H 0.50339 0.75760 •2.48136
H 1.80036 -0.26043 -1.79482
H 0.30530 -0.99954 -2.41946
O 0.53886 -2.53337 •0.44618
O •1.39919 -3.01614 0.78169
H 1.62583 -2.09113 1.89848
H 2.37282 •0.68689 1.08027
H 1.08148 -0.44399 2.27728
O -2.08616 0.12060 0.52847
O -1.96223 0.61502 -1.67535




C -0.40411 0.12335 -0.31902
C 1.14627 0.16374 •0.15866
C 1.84163 -0.62831 0.92594
C -0.34145 1.56554 0.16833
O -1.13566 2.44707 0.38981
O 0.99624 1.59803 0.29955
Br -1.34395 -0.94617 1.06454
C 1.91171 0.06536 -1.50450
O 2.39259 1.11571 •1.98434
O 1.96372 -1.10935 -1.94893
H -2.10063 0.13194 -1.63568
H -0.54771 0.47518 -2.43426
H •0.93692 -1.18757 -1.94672
H 2.89741 -0.33437 0.96302
H 1.39221 -0.44358 1.90609
H 1.78952 -1.69632 0.69789
M10
C 0.80134 •2.49601 0.12705
C -0.46682 -2.18729 -0.19988
C 1.92593 •2.11443 -0.82336
O 3.10995 -2.39066 -0.47656
O 1.58411 -1.53437 -1.89735
C -0.87398 -1.67431 -1.55418
O -1.14840 •0.38852 -1.71991
O -1.19450 •2.46476 •2.44832
C •1.65808 -2.53333 0.66285
C 1.15365 -3.17374 1.42841
Br •0.60159 0.95098 -0.25762
Br 0.02568 2.76397 1.52121
H -1.40689 •2.49829 1.72812
H -2.01871 -3.54784 0.43569
H -2.49516 •1.84670 0.48499
H 0.89041 •2.55473 2.29859
H 2.22824 -3.36603 1.46415
H 0.62554 •4.13023 1.54360
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F1 F2 F3
Br 0 . 0 0 0 0 0 0 . 0 0 0 0 0 1.52818 C -0.93777 0.39516 -2.09687 C 4.30482 0.48727 •1.93508
C 0.73501 0 . 0 0 0 0 0 -0.5251 C -0.99936 0.46395 -0.59615 C -0.22963 0.49144 •0.41084
C 1.47472 1.30806 -0.84335 Br 1.56961 0.39156 0.42239 C 1.19591 0.55862 0.14043
C 1.50157 -1.26415 -0.77809 C -0.21667 -0.54217 0.23487 C 1.60942 1.66419 1.07280
C -0.73501 0 . 0 0 0 0 0 -0.5251 O -1.18630 -2.41877 •0.74498 H 0.96579 1.6395 1.96138
C -1.47472 -1.30806 •0.84335 C -0.06111 -1.91034 •0.50838 H 1.48227 2.63948 0.59428
C -1.50157 1.26415 -0.77809 O 1.07673 •2.35653 -0.76137 H 2.64734 1.53283 1.39265
0 2.02107 1.97880 0.04751 C -1.57102 1.62667 0.05753 O 2.32382 0.31066 •1.00258
0 -2.02107 -1.97880 0.04751 O -2.50736 0.70895 -0.07266 O 2.57364 -1.61503 0.31095
0 1.41669 1.47099 -2.08809 O -1.48331 2.74193 0.50645 C 2.10760 -0.56071 -0.04117
O •1.41669 -1.47099 •2.08809 C •0.74462 -0.75833 1.64767 Br •0.96383 -1.30345 0.17601
H 1.64576 •1.33916 •1.86415 H -1.46168 •0.50164 -2.44388 O •1.95588 1.38106 1.07251
H •1.64576 1.33916 •1.86415 H -1.73151 -1.22813 1.59296 C -1.11727 1.64649 0.18728
H 0.98700 -2.15528 -0.43765 H 0.10806 0.31949 -2.41681 O •0.83438 2.7543 •0.33162
H -0.96700 2.15528 -0.43765 H -0.82222 0.17929 2.20799 H -1.35429 0.43584 -2.24089
H 2.48586 -1.21370 •0.30158 H -1.38261 1.28252 •2.55599 H 0.12438 1.41711 -2.31898
H •2.48586 1.21370 -0.30158 H -0.06806 •1.42895 2.18686 H 0.23185 •0.36069 -2.36705
F4 F5 F6
C -0.01791 -0.02951 -0.02345 C 0.00000 0.00000 0.00000 C 0.02930 -0.05625 •0.02811
C -0.02810 0.12414 1.47665 C 0.00000 0 . 0 0 0 0 0 1.50069 C 0.07914 -0.10477 1.47961
C 1.29989 -0.02166 2.18932 C 1.32319 0.00000 2.21665 C 1.42373 0.09618 2.21171
C 2.31237 1.03729 1.79507 C 2.34819 1.00670 1.73403 C 2.47969 1.07527 1.75317
O •0.87744 1.41953 1.91768 C -1.27750 0.21758 2.19466 C -1.25087 0.12968 2.19101
C -1.29327 0.18637 2.17858 O -2.16847 -0.46070 2.67590 O -1.87486 •0.80676 2.71191
O -2.26068 -0.31665 2.68696 O -1.09266 1.48045 2.03791 O -1.50589 1.38214 2.25176
C 1.78790 •1.51021 2.02313 C 1.71824 -1.50542 2.08850 C 1.59227 -1.38710 2.07540
0 3.02350 -1.67964 1.94809 O 2.88395 -1.86474 2.30081 O 2.48848 -2.16561 2.32896
Br 1.01648 0.15027 4.17548 Br 1.07043 0.26271 4.18232 Br 1.14040 0.39900 4.16216
0 0.86464 •2.36060 1.99386 O 0.70524 •2.19540 1.75422 O 0.35910 -1.60813 1.66694
H 0.57565 0.76752 -0.48536 H 0.13644 1.02684 •0.36160 H 0.02383 0.99025 •0.36315
H •1.03524 0.00931 -0.42348 H -0.94722 •0.38486 •0.38885 H -0.88937 •0.53383 •0.38322
H 0.42235 •0.99513 -0.29114 H 0.82136 -0.60662 -0.38987 H 0.89413 -0.55409 -0.47470
H 2.54654 0.94877 0.72735 H 2.53780 0.86696 0.66203 H 2.70058 0.93007 0.68753
H 3.23999 0.88433 2.35002 H 3.28835 0.84728 2.26917 H 3.40453 0.91173 2.31635
H 1.92953 2.04353 1.99438 H 2.00076 2.03111 1.90220 H 2.13820 2.10205 1.90846
F7 F8 F10
C 0.00000 0.00000 0.00000 C 0.00000 0 . 0 0 0 0 0 0.00000 C 1.91223 •1.90346 0.54122
C 0.00000 0.00000 1.52059 C 0.00000 0.00000 1.51070 C 0.58960 •1.85859 0.29283
Br 1.90826 0.00000 2.11940 Br 1.85838 0.00000 2.18333 C 0.03102 -1.82719 -1.09407
C -0.73909 1.12069 2.20307 C -0.74475 1.10253 2.25851 O •0.52863 -0.77149 -1.67578
C -1.51151 2.07238 1.38268 O •0.75269 2.30163 2.27525 O -0 . 0 1 0 1 0 -2.78565 -1.86244
O •0.42230 2.73089 1.21187 O •1.51228 0.24783 2.98913 C -0.44044 •1.93009 1.35932
C •0.74298 •1.23633 2.09297 C -0.94831 •0.94900 2.32455 C 2.91095 -1.74631 •0.54951
0 •1.84183 •0.84986 2.60463 C •0.30005 -1.84799 3.37831 H 0.07648 -2.08789 2.33906
C -0.56475 1.42889 3.65817 O 0.18838 -2.95137 2.80859 H -1.01236 -0.99353 1.39797
0 -0.28721 •2.38066 1.97891 C •2.02184 -1.68693 1.54294 H •1.14252 -2.75414 1.18556
0 -2.66859 2.22411 1.02965 O -0.27287 -1.59610 4.56337 H 3.45044 -0.79799 -0.41797
H -1.03470 0.00948 -0.36933 H 0.47498 -0.90977 •0.38121 H 3.65537 •2.5531 -0.51456
H 0.52894 0.86821 -0.40135 H 0.55472 0.86862 -0.36863 H 2.47069 -1.74221 -1.55577
H 0.48288 •0.91393 -0.35721 H -1.02300 0.05868 •0.38794 Br -0.81910 0.77747 •0.71983
H -1.51482 1.75880 4.09144 H -2.72486 -2.15959 2.23860 C 2.51762 -2.13565 1.93968
H •0.19753 0.65547 4.20163 H -1.56982 -2.46658 0.92207 O 3.76616 -2.19836 2.06109
H 0.16762 2.23675 3.77336 H -2.58175 -0.99497 0.90660 O 1.77649 -2.29313 2.94652
H 0.57652 -3.55531 3.49946 Br -1.40797 2.68580 0.02069
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